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ABSTRACT
Since its first commercialization in 1991s, the lithium-ion battery (LIB) has been widely used
in portable electronics and electric vehicles. Current research aims to develop next-generation
lithium-ion batteries with higher power density, faster-charging capability, better safety, and
lower cost. The sodium-ion battery (SIB) has attracted much attention in recent years
triggered by the lower cost of sodium. The currently used graphite anode for lithium-ion
batteries cannot be used to sodium-ion batteries due to the larger ion radius of sodium.
Developing a proper anode for the sodium-ion battery is critically important to for its
commercialization.
Over the last two decades, a variety of anode materials for lithium/sodium ion batteries have
been investigated. Among them, materials with two-dimensional (2D) structure have shown
great potential due to their large surface area and short ion/electron transfer paths.
Developing new 2D anode materials or optimizing existing anode materials were the major
part of this doctoral work.
Ternary In4SnS8@Gr, where Gr is graphene, was designed and prepared. Both high-capacity
and high-rate performance were achieved when it was evaluated as anode for the sodium-ion
battery. It’s outstanding electrochemical performance can be attributed to following features
(1) the ternary composition and unique structure of In4SnS8 will bring higher electrochemical
activitity derived from the complex composition and synergistic effects of multiple metal
species; (2) the ultrathin 2D architecture could provide rich active sites and shorten the
diffusion paths of electrons/ions, thus accelerating electrochemical reactions; (3) The
conformal integrated graphene can not only enhance the electron conductivity but also
maitain the structural and electrical integrity during charge and discharge.
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2D germanium nanosheets (NSs) coupled with graphene were fabricated for the first time.
The ionically bonded CaGe2 was topochemically transformed into van der Waals bonded
layered germanium hydride through acid etching. Exfoliation of germanane hydride was
achieved by the liquid exfoliation method. The final 2D Ge@Gr hetero-structure were
obtained via a self-assembly process. When evaluated as anode material for LIBs, the 2D
Ge@Gr hybrid sheets exhibited excellent rate performance and superior cycling stability. The
electrochemical performance of the 2D Ge@Gr outperforms most previously reported
germanium anodes. Clearly, the outstanding electrochemical performance of the Ge NSs@Gr
can be ascribed to the unique coupled 2D hetero-structures. The integrated 2D heterostructures offer many advantages including shorter diffusion paths for ions/electrons, better
volume accommodation during Li+ insertion/extraction, and enhanced electric conductivity.
2D boron hydride sheets were prepared through the topochemical deintercalation of Mg2+
cations from magnesium boride. Ionic bonded MgB2 was topochemically transformed into
2D boron hydride sheets through acid etching. The resultant 2D boron hydride (BH) sheets
were characterized by multiple techniques. The nature of the 2D BH sheets which had sp2
hybridized boron networks with hydrogen bonded to boron atoms was confirmed. 2D BH
electrodes were fabricated and evaluated as anodes for the lithium-ion battery, but unlike the
results predicted by calculations, the 2D BHs showed very low lithium storage capacity.
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Chapter 1. Introduction
1.1. General background
The energy crisis and climate change are big challenges in our modern society. Traditional
fossil fuels such as coal, crude oil, and natural gas, are unsustainable. In the meantime, the
massive use of fossil fuel does not only pollute the environment, but also produces
greenhouse gases which are believed to cause global warming. Shifting from traditional fossil
fuels to renewable and sustainable energy sources, such as solar radiation, wind, and waves,
is highly in demand. Nevertheless, these sustainable energy sources are unevenly distributed
and variable in time. Thus, energy storage systems are required. Lithium-ion rechargeable
battery technology is one of the most promising solutions in the energy storage area. Its
application ranges from portable electronic devices and, electric vehicles (EVs) to large-scale
energy storage systems. The graphite anode for LIBs that is in current use has a low
theoretical capacity, however, which cannot meet future demands. Developing new anode
materials with high specific capacity and good rate capabilities is highly urgent but still
challenging. During the past several decades, researchers around the world have devoted
huge efforts to finding better alternatives to graphite. Although remarkable progress has been
achieved, many issues still exist and need to be addressed. Two-dimensional materials (2D)
have attracted enormous attention since the discovery of graphene in 2004. Their unique
properties, including electron confinement, large surface areas, and unprecedented
electrochemical properties make 2D materials promising candidates for battery anodes.
Hence, synthesizing novel 2D materials or fabricating existed materials with 2D morphology
is of great importance. This doctoral work starts with summary of the methods developed for
preparing 2D materials and different types of anode materials for both lithium and sodium ion
batteries. Based on this background information, three types of materials have been designed
to explore their application in energy storage.
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1.2. The goals of this doctoral work
In this doctoral work, most efforts have been devoted to the listed aspects:
1. Develop new routes to synthesize anode materials with 2D morphology and explore
the relationship between morphology and electrochemical performance.
2. Optimize the electrochemical performance of anode materials from aspects including
compositions, atomic arrangements, and morphologies.
3. Fabricate new materials with two-dimensional structure and explore their potential
applications in energy storage.

1.3. Structure of the thesis
Chapter 1 introduces the general background of lithium-ion batteries for energy storage and
the advantages of two-dimensional materials as anodes for batteries.
Chapter 2 presents a detailed literature review on the preparation methods for 2D materials
and recent progress on 2D battery anodes.
Chapter 3 lists the chemicals used in this doctoral work, along with the detailed
experimental methods, including structural characterization, and electrochemical test
techniques.
Chapter 4 introduces an integrated design for novel ultrathin In4SnS8@Gr nanosheets with
superior high-rate and high-capacity sodium storage.
Chapter 5 presents germanium nanosheets coupled with graphene as anode for lithium-ion
batteries.
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Chapter 6 presents synthesis method for two-dimensional boron hydride nanosheets along
with their structural characterization.
Chapter 7 summarizes this doctoral work and give some prospects for future directions.
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Chapter 2. Literature Review
2.1 General background
Developing highly efficient and low-cost energy storage system is very important for over
coming our energy and environmental problems.1 The lithium-ion battery （LIB） as a type
of rechargeable battery is believed to have great potential because of its high energy density,
tiny memory effect, and low self-discharge property.2 Since its first commercialization in
the1991s by Sony Corporation, the lithium-ion battery has dominated the energy storage field,
with applications ranging from portable electronic devices to electric cars.3 Nevertheless,
current LIBs using graphite anode and organic electrolyte have quite low energy density and
safety issues.4 It is necessary to develop next generation energy storage devices to meet
future demands.
With the development of materials science, it is well accepted that improvements will come
through control of the composition, morphology, and atomic structure of electrode materials.5
The development of nanotechnology offers us various tools to synthesize materials with
different morphology. Novel properties will emerge through chemical or physical
modification. Two-dimensional (2D) nanomaterials show many unprecedented advantages
over its counterparts.6
These intriguing properties and potential applications have stimulated researchers to develop
new synthetic methods. Over the past several decades, researchers around the world have
devoted much effort to developing new methods and techniques to fabricate 2D materials.7
Although huge progress has been made, many challenges still exist. So far, there are two
methods to create 2D materials: top-down and bottom-up approaches.8 The top-down
methods include mechanical exfoliation and topochemical transformation. For layered van de
Waals materials, in order to weaken the bonding force between layers, guest molecules
4

interaction, ion-exchange, and oxidation techniques were developed. The layered ionic
materials have very strong out-of-plane interaction, however, and cannot be exfoliated
through simple mechanical exfoliation methods. The ionic bonds between layers can be
topochemically transformed to van der Waals force bonds. In this way, ionic layered
materials can be exfoliated to 2D materials. For non-layered materials, the only way to ostain
2D materials is through a bottom-up approach. The bottom-up methods include chemical
vapor deposition and wet-chemical synthesis. The bottom-up approach is built on a variety of
chemical reactions under specified conditions. In theory, the bottom-up approach can be
used to synthesize all kinds of 2D materials. Herein, more details of each method will be
discussed with examples.

2.2. Top-down approach
2.2.1 Mechanical exfoliation
Mechanical forces can be used to exfoliate layered materials with van der Waals forces
bonded each layers. When mechanical forces are applied on layered materials, the spacing
between interlayers will increase. When the distance is large enough, the van de Waals forces
can no longer hold each layer, and thus, exfoliation can be realized. The most famous
example is exfoliating graphite to prepare graphene with Scotch tape. In 2004, Novoselov
and co-workers successfully obtained mono-layer graphene with Scotch tape (Figure 2.1).9
Later, this method was applied to prepare a wide range of 2D materials including hexagonal
boron nitride (h-BN), black phosphorus (BP), transition metal sulfides (TMD), and
germanane.10-15 This method is quite simple and can be used to exfoliate all kinds of van de
Waals layered materials. This method cannot be used to prepare a large quantity of 2D
materials, however, due to its low efficiency.
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Figure 2.1 Illustration of single-layer graphene prepared by Scotch tape.16

2.2.2 Liquid exfoliation
Due to the low efficiency of the Scotch tape method, a liquid exfoliation method was
introduced. This method uses external forces, such as sonication, ball milling, and shear-force,
to exfoliate layered materials in a liquid solvent. Sonication is the most widely used
mechanical force to exfoliate layered materials. Normally, the layered materials are immersed
in a specific liquid before being treated with sonication (Figure 2.2a). The liquid works not
only as a medium to conduct the sonic wave but also to diminish the van de Waals forces
between the layers. The basic principle is that sonication can produce cavitation, which will
induce bubbles on the surface of layered materials. When these bubbles collapse, a strong
strain will be generated on the layered materials, thus leading to the exfoliation of bulk
materials into 2D nanosheets. The key point for achieving successful exfoliation is matching
the surface energy of layered materials with the solvent system. After sonication, the
suspension generally needs to be centrifuged to remove un-exfoliated bulks. By using this
6

method, Coleman’s group successfully exfoliated graphite into single layered graphene in
2008.17 In their initial work, the concentration of prepared graphene suspension was quite low,
which hampered its further application. Later, a non-polar solvent was used, and successful
exfoliation was realized.
Shear force is another widely used external force (Figure 2.2b). The principle is that high
shear force in the liquid can be generated with a high-shear rotor-stator, so that the layered
materials could be exfoliated by the force. A typical shear-force apparatus consists of a head
consisting of a rotor and a stator. Published results suggest both the diameter of the rotor and
the shear rate can influence the exfoliation. Graphite cannot be exfoliated to graphene at a
low shear rate, but if the shear rate is too high, the exfoliated graphene will further be break
into small sheets. So far, many 2D nanosheets have been prepared in this way.18-19 The
advantage of this method is it can be easily scaled up.

Figure 2.2 Schematic illustration of liquid exfoliation (a) Sonication liquid exfoliation. (b)
Shear force liquid exfoliation. (c) Electrochemical intercalation liquid exfoliation. (d)
Molecular intercalation liquid exfoliation.19
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To weaken the bonding force out of the plane, ionic/molecular intercalation was developed
(Figure 2.2 b and c). When guest ions or molecules are introduced into the layers, the layer
spacing will increase. The enlarged layer spacing will weaken the van der Waals forces
between the layers which will make exfoliation easier. In some cases, the intercalated guests
can react with a solvent to produce a gas, which also has benefits for exfoliation. A typical
example is the intercalation of Li+ ions intercalated into layered transition metal
dichalcogenides to get a single layer or few-layer nanosheets. Li intercalation compounds
will be formed when the layered materials are immersed in an organolithium solution. The
intercalated compound is subjected to exfoliation in water by the sonication exfoliation
method to get a nanosheet dispersion. It is believed that during the exfoliation process, the
lithium intercalation compound will react with water to produce gas, which can further push
sheets apart. Another frequently used lithium intercalation example is by using
electrochemical intercalation. The idea was borrowed from the lithium-ion battery. During
discharge, Li+ ions will enter into the anode, and after disassembly, the layered materials
intercalated with lithium ions can be readily exfoliated into nanosheets (Figure 2.2c).
2.2.3 Topochemical transformation
Topochemical synthesis is another useful strategy to produce 2D materials. Topochemical
transformation can be broadly defined as the transformation of one kind of material into
another without destroying the structure or morphology. For many kinds of layered materials,
direct exfoliation is impossible due to their strong bonds between layers. However, by using
physical or chemical method, the strong ionic or metallic bond between layers can be
transformed into weak van der Waals bond. The resultant van der Waals bonded layered
materials can be readily exfoliated by using the methods mentioned above. So far, three kinds
of topochemical reactions have been developed.
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1) Ion Exchange Liquid Exfoliation
In ionically bonded layered materials, the cations or ions in materials can be replaced with
other ions that have a different radius or charge. After exchange, the resultant materials will
be different from the parent materials due to the chemical reactions. This method has been
used to prepare many kinds of 2D materials. Silicane (silicon hydride, hydrogenated silicene)
is a new 2D material prepared by this method.20 When ionic bonded layered CaSi2 is
immersed in cold hydrogen chloride solution, the Ca2+ ions between hexagonal silicon
networks are replaced with H+.

Figure 2.3 (a) Schematic illustration of germanane prepared through HCl etching. (b-c)
Transmission eletron microcope (TEM) images of exfoliated GeH nanosheets. (d-e) Atomic
9

force microscope (AFM) images of exfoliated GeH sheets and corresponding height
profiles.11
2D germanane (hydrogenated germanene, germanium hydride) can also be prepared in a
similar way.11 CaGe2 is an ionic layered zintl compound. The structure of calcium germanide
consists of alternating covalently bonded germanium hexagonal sheets with Ca2+ sandwiched
between the germanium layers. 2D germanane sheets can be extracted from CaGe2 through
topochemical reaction. When CaGe2 is placed in hydrogen chloride solution, the Ca2+ cations
will be removed, and the resultant germanane can be exfoliated into sheets (Figure 2.3).

2) Oxidation Liquid Exfoliation
For van der Waals bonded layered materials, direct exfoliation is possible, although, the
yields are not always satisfactory. To increase the exfoliation yields, one possible way is to
enlarge the spacing between the layers through oxidation while keeping the sheet structure
intact. The most famous example is the preparation of graphene by Hummers’ method.21 By
using strong oxidizing reagents, graphite can be oxidized into graphite oxide. Graphite oxide
has a larger layer spacing than graphite due to the introduction of epoxide and hydroxyl
group. The graphite oxide can be readily exfoliated to mono-layer or few-layer graphene
oxide. After thermally or chemically reduction, graphene can be restored from graphene
oxide (Figure 2.4). It should be noted that, although this method can prepare 2D materials on
a larger scale, the as-restored 2D sheets contain many defects.22-23 Also, the as-exfoliated
sheets will aggregate during reduction due to the large surface energy.24-25
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Figure 2.4 Schemetic illustration of graphene preparation through oxidation of graphite.26
For ionically bonded layered materials, direct exfoliation is impossible. To extract the sheets
from the parent materials, oxidation is a useful way. Silicene is a graphene analogue 2D
material, which was only experimentally prepared by CVD.27 Recently, an oxidation method
was reported by Xu and co-workers, as shown in Figure 2.5.20 The (Si2n)2n− networks in
ionically bonded CaSi2 was oxidized by I2 into Si2n in anhydrous acetonitrile without
destroying the pristine silicene sheets. After exfoliation in an organic solvent, single-layer or
few-layer silicene can be obtained.
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Figure 2.5 (a) Schematic illustration of silicene obtained through oxidation of CaSi2 with
iodine. (b) SEM image of CaSi2. (c) Scanning electron microscopy (SEM) image of asprepared silicene. (d-e) TEM images of exfoliated silicene. (f-g) AFM images of exfoliated
silicene and corresponding height profiles.20
3) Selective-Etching Liquid Exfoliation
As a typical topochemical transformation method, selective etching method was developed to
synthesize MXenes in 2011.28 MXene consists of transition metal layers, carbon/nitrogen
layers, and surface functional groups. So far, around 30 different kinds of MXenes have been
prepared by the selective etching method. Like ionically bonded layered materials, MXenes
cannot be prepared by direct exfoliation due to the strong metallic bonds between layers. 2D
titanium carbide (Ti3C2Tx) was successfully prepared by Gogotsi and co-workers via this
method by using Ti3AlC2 as the precursor.29 When Ti3AlC2 is placed in hydrogen fluoride
solution, the aluminium layer will be etched away, leaving delaminated Ti3C2Tx. A variety of
MXenes can be prepared in a similar way, as shown in Figure 2.6.
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Figure 2.6 (a) Atomic structures show a variety of MXenes. There are single metal MXenes
with three stoichiometries (M2XTx, M3X2Tx, and M4X3Tx) as well as double-metal MXenes
and M1.33C with ordered divacancies. (b) Illustration of the synthesis process for MXenes. (c)
Optical image of diluted colloidal solutions of Ti2CTx and Ti3C2Tx MXene (0.02 mg mL-1) in
1 L bottles.30-32

2.3 Bottom-up approach
2.3.1 Chemical vapor deposition (CVD)
As a traditional synthetic method for 2D materials, chemical vapor deposition can be used to
prepare a broad range of 2D materials with high quality. In a typical CVD process, a volatile
precursor will react or decompose to produce the desired deposit on the a substrate it passes
through a high-temperature zone. The quality of 2D materials can be easily controlled by
adjusting the precursors, substrate, pressure, mass flow, and temperature. Although the
nucleation and growth mechanism is still unclear, a few models have been proposed.33 The
precursors can be carried by the gas or directly put on the substrate, as shown in Figure 2.7.
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Figure 2.7 Chemical vapor deposition of atomically thin MoS2. (a, b) CVD preparation of
ultrathin MoS2 by vaporization and decomposition. (c) Schematic drawing of an atomically
thin MoS2 layer deposited by two-step thermolysis. (d) Schematic illustration showing the
preparation of ultrathin a MoS2 nanosheets by sulfurization of Mo thin film. (e) Schematic
illustration showing the growth of MoS2 monolayer on a sample substrate by sulfurization of
MoO3 with S powders.34-37

Apart from many individual 2D materials, the CVD method can also be used to construct 2D
heterostructures. Taking MoS2/h-BN hetero-structures (h=hexagonal) as an example, two
ways can be used, as shown in Figure 2.8a.

38

In the first way, h-BN is grown on a copper

substrate by CVD then transferred to SiO2/Si with poly(methyl methacrylate) (PMMA). The
MoS2 layer is subsequently grown on h-BN by CVD. In the second way, both MoS2 and h-
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BN are grown on substrates by CVD then put them together (Figure 2.8b). So far, numerous
2D heterostructures have been reported.39-42

Figure 2.8 (a) Schematic illustration of MoS2/h-BN hetero-structures constructed in two
different ways. (b) Schematic illustration of MoS2 grown by CVD.38

15

2.3.2 Wet chemistry methods
Built on chemical reactions, the wet chemistry method is the most powerful method for the
synthesis of 2D materials. This method has been particularly widely used to prepare various
2D materials especially non-layered 2D materials which cannot be prepared through a topdown approach. This method can prepare 2D materials in on a large scale. Also, the materials
prepared by the wet chemistry method can well be dispersed in solvents, which is favorable
for further application. There are no universal rules for the wet chemistry method, and the
conditions can be different depending on the reactions. So far, all methods can be sorted into
hydro/solvothermal, nanocrystal assembly, template-synthesis, and interface-synthesis.
1) Hydro/solvothermal synthesis
Hydro/solvothermal synthesis has been intensively used to synthesize 2D materials. The
hydro/solvothermal reactions usually take place in a sealed vessel by using liquid solvents as
media. The formation of nanocrystals will benefit from the high pressure produced by the
liquid at high temperature. Xie’s group successfully synthesized four-atomic-thick Co layeres
or partially oxidized Co through the hydrothermal method as showed in Figure 2.9. They
discovered that the starting material Co(acac)3 (acac = acetylacetone) was initially
hydrolyzed to [Co(H2O)6]3+, followed by absorption of n-butylamine to reduce the surface
energy and avoid aggregation. The sheet-like structure began to form during subsequent
condensation. Pure Co or partially oxidized Co can be obtained by using dimethylformamide
to gradually reduce the Co ions.
Monolayer rhodium nanosheets were reported by Li and co-workers that were produced via a
solvothermal method for the first time in the presence of poly(vinylpyrrolidone) (PVP).43 The
as-synthesized Rh nanosheets (NSs), were semi-transparent with a lateral size of around 500600 nm in width and ~0.4 nm in thickness. Dou’s group reported that a variety of metal oxide
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nanosheets could be prepared, including TiO2, ZnO, Co3O4, WO3, Fe3O4 and MnO2 with
surfactants in ethanol.44

Figure 2.9 (a) Schematic illustration of the synthesis and characterization of Co 4-atom-thick
layers with and without surface oxide. (b) AFM image and (c) the corresponding height
profiles.45
There are many advantages to the hydrothermal method. It can be used to prepare a broad
range of materials with the 2D shape. Also, this method is quite simple and easy to scale up.
Unfortunately, the underlying mechanisms are still unclear because all reactions are
conducted in a sealed autoclave, which making it difficult to monitor. Note that, this method
is highly dependent on the experimental conditions which makes this method difficult to
repeat.
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2) Self-Assembly of low-dimensional Nanocrystals
Assembling low dimensional nano-crystals is another way to fabricate 2D materials. Low
dimensional nanocrystals are highly unstable and can assemble into 2D materials due to their
high surface energy.

The driving force can be the van der Waals force, electrostatic

interactions, or hydrogen bonds. The self-assembly process is driven by entropy to minimize
high energy facets between nanocrystals. Due to the benefit of the rapid growth of knowledge
on the synthesis and functionalization of low-dimensional nanocrystals, this strategy has been
well developed and recognized. Kotov’s group prepared 2D CdTe nanosheets by selfassembly of CdTe nanocrystals for the first time. The as-synthesized CdTe nanosheets can be
as large as 50 μm by 30 μm with thickness of 3.4 nm. The self-organization process is driven
by the synergistic effects of multiple forces, as revealed by experimental results and computer
simulations. Weller’s group prepared 2D PbS nanosheets vis self-assembly of PbS
nanocrystals in 2010.46 They found that single crystalline PbS can be formed by assembling
nanocrystals in a 2D manner in the presence of oleic acid and chlorine solvent (Figure 2.10).
Besides being assembled from nanocrystals, 2D materials can also be prepared by assembling
nanowires. Golan and co-workers reported high- quality 2D PbS obtained via assembling PbS
nanowires under controlled conditions. The as-prepared PbS nanosheets are strictly
rectangular with 200-250 nm width, 3-20 μm length and thickness of 1.8 nm.47 Yao and coworkers also reported an atomic layer of Eu2O3 that was obtained via self-assembly of
Eu2O3 nanowires.48
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Figure 2.10 (a-d) Schematic illustration of the oriented attachment process enabling PbS
nanoparticles to form a nanosheet. (e-h) Corresponding TEM images.46
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Figure 2.11 (a) Schematic illustration of graphene as templates to synthesize a variety of
metal oxides. TEM images of as-prepared metal oxides sheets (b) MgO. (c) ZrO2. (d) Al2O3.
(e) TiO2. (f) SnO2. (g) Sb2O3.49
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3) Template-assisted Synthesis
The concept of this method is using templates as nucleation sites or confined space to grow
2D materials. Numerous 2D materials have been successfully prepared by this method over
the past few years. Guo’s group successfully developed a generalized strategy for the
synthesis of large 2D metal oxide nanosheets by using graphene oxide (GO) as a template in
a wet chemistry method. The principle is shown in Figure 2.11a. Evenly distributed metal
ions are attached to the GO surface by electrostatic interaction. After full adsorption, the
metal ions begin a hydrolysis process triggered by elevating the temperature. When the
hydrolysis is finished, the materials are subjected to thermal treatment at high temperature to
remove the GO template to obtain pure metal oxide. In their work, the metal oxide was
grown uniformly on the GO surface to form nanosheets rather than particles. The formation
of 2D nanosheets can be controlled by adjusting the diffusion direction, absorption,
nucleation, and hydrolysis. The method based on heterogeneous nucleation and growth, and
it can be generalized to prepare different kinds of 2D materials. By using this method, few
atomic-layer-thick 2D nanosheets of MgO, ZrO2, Al2O3, TiO2, SnO2, and Sb2O3 were
successfully prepared.
4) Interface-Mediated Synthesis
Chemical reactions that occur on interfaces can also be used to prepare 2D materials. The
interface can be a liquid-liquid interface, liquid-solid interface, liquid-gas interface or even
solid-gas interface. Xu and co-workers successfully prepared a semiconducting 2D polymer
via polymerization on CH2Cl2/CF3SO3H liquid-liquid interfaces. In their work, CH2Cl2
worked as a good solvent for the 1, 4-dicyanobenzene (DCB) monomer and CF3SO3H acted
as reaction catalyst (Figure 2.12). With stirring, abundant dynamic CH2Cl2/CF3SO3H
interfaces formed due to the immiscibility between CH2Cl2 and CF3SO3H. The
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polymerization occurred on the interface and thus produced the 2D polymer. The as-prepared
2D polymer was several micrometers in width and had a thickness of 0.9-3 nm.50

Figure 2.12 Schematic illustration of poly (1,4-dicyanobenzene) prepared through interface
polymerization of 1,4-dicyanobenzene. (b) and (c) TEM images of the as-prepared 2D
polymer. (d) and (e) AFM images of the 2D polymer.50
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Schlüter and co-workers reported free-standing, monolayer organometallic nanosheets
prepared at the air-water interface.51 Loh and co-workers reported a 2D conjugated aromatic
polymer via a C-C coupling reaction on the metal surface. In their work, the monomer was
vaporized and subsequently polymerized on the Au surface (Figure 2.13). The scanning
tunnelling microscope (STM) results revealed that the as-synthesized sheets had a thickness
of 0.7 nm.

Figure 2.13 (a) Schematic illustration of 2D-conjugated aromatic polymer (2D CAP)
obtained

through

polymerization

of

2,7,13,18-

tetrabromodibenzo[a,c]dibenzo[5,6:7,8]quinoxalino-[2,3-i]phenazine) (2-TBQP) on an Au
surface. (b) Mono-layer of 2D CAP grown on an Au (111) surface. (c) Two mis-oriented 2D
CAP domains on an Au surface. (d) Corresponding height profiles for cross-sections i (pink)
and ii (yellow). (e) Single-layer 2D CAP grown on an Au (110) surface.52
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2.4 2D materials in lithium/sodium ion batteries
2.4.1 2D carbonaceous materials
Carbon materials have been extensively studied as anode materials for lithium batteries due
to their abundant resources and low cost. Layered graphite is still the dominant commercial
anode materials in LIBs. The theoretical capacity of graphite is only 372 mA h g-1, however,
which cannot meet the requirements for future demands. Developing new carbonaceous
materials with high power density and better rate performance is an urgent need. During the
past few decades, huge efforts have been devoted to exploring new carbonaceous materials
for LIBs anode, including one-dimensional carbon (carbon nanotube, carbon nanofiber, and
carbon nanowire), two-dimensional carbon (graphene and modified graphene), and other
types of carbon (amorphous, porous, and three-dimensional carbon). Among these
carbonaceous materials, graphene is of great interest own to its unique structure. Graphene is
an allotrope of carbon that consists of a monolayer of carbon atoms arranged in a honeycomb
structure. The original concept of using graphene as an anode for LIBs was proposed by
Dahn in 1995.53 A single layer of graphene can host Li+ on both sides, resulting in a Li2C6
stoichiometry that provides a specific capacity of 744 mA h g-1, double that of graphite. The
primary concept was experimentally realized after the first isolation of graphene in 2004.9
Differently form graphite, in which lithium is intercalated between the stacked layers, single
layer graphene can theoretically store Li+ ions through an adsorption mechanism, both on its
internal surfaces and in the empty nanopores that exist between the randomly arranged single
layers.53-55 Graphene has been proposed as an anode material for LIBs due to its high surface
area, superior electrical conductivity, and chemical inertness. Compared with graphite anode,
graphene provides more active sites for Li and Na ions not only on both sides of the sheets
but also on the edges and covalent sites of fragments. In 2008, Honma and co-workers
reported chemically reduced graphene nanosheets (GNS) for LIBs that delivered a specific
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capacity of 540 mA h g-1 at a current density of 0.05 A g-1, which is much larger than for
graphite (Figure 2.14).56-57 Also, the capacity could be further increased up to 730 mA h g-1
and 784 mA h g-1 if macromolecules of carbon nanotubes (CNTs) and C60 were incorporated
into the GNS. The author ascribed the improvement to the enlarged interlayer space, which
was revealed by TEM.

Figure 2.14 (a) SEM image of graphene nanosheets. (b) TEM image of graphene nanosheets.
(c) Cross-sectional TEM image of graphene nanosheets. (d) Galvanic charge-discharge
profiles of graphite (red), graphene nanosheets (green), graphene nanosheets + CNTs (purplered), and graphene nanosheets + C60 (blue). (e) Corresponding cycling performance.57
Chemical doping with heteroatoms has been proved an effective way to alter the intrinsic
properties of graphene materials.58-60 For graphene, the electrochemical performance can be
further improved through introducing defects on its structure through heteroatoms doping. So
far, boron, nitrogen, phosphorus, sulfur, and fluorine have been used to modify the graphene
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structure. Chen and co-workers prepared nitrogen and boron doped graphene by using NH3
and BCl3 as the nitrogen and boron sources (Figure 2.15). The doped graphene showed a
high reversible capacity of 1040 mA h g-1 at a current density of 50 mA g-1 and superior rate
capability (Figure 2.16).61

Figure 2.15 (a-c) Scanning TEM (STEM) image and corresponding elemental mapping of
nitrogen-doped graphene. (d-f) STEM image and corresponding elemental mapping of boron
doped graphene. (g) High-resolution XPS spectrum of N 1s. (h) High-resolution XPS
spectrum of B 1s.61
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Figure 2.16 Electrochemical performance of (a) and (c) N-doped graphene electrodes. (b)
and (d) B-doped graphene electrodes.61
Sulfur is another element that is suitable for graphene doping. Compared with carbon atoms,
sulfur has much higher electrochemical activity. Jin and co-workers successfully prepared Sdoped graphene by thermal treatment of elemental sulfur and graphene oxide. Compared to
pure graphene nanosheets, S-doped GNS showed much higher reversible capacity and better
rate capability. They found that S-doped graphene has more defects, and the electronic
conductivity was also improved.62
Although graphene or graphene-related anodes showed much high capacity than graphite,
compared to graphite anode, graphene has a higher voltage plateau which is unfavorable for
LIBs. In a graphene full cell, the graphene works as negative electrode. The higher voltage
plateau of negative electrode means lower open circuit voltage, which means lower energy
density. Also, the cost of graphene is much higher than that of graphite.
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2.4.2 2D Alloy based materials
To meet the future demands of portable electronics, and electric vehicles, researchers around
the world have devoted huge efforts to the search for high capacity anode materials for LIBs.
Traditional graphite-based anode materials cannot meet the demands of future applications
due to their limited capacity. Huge efforts have been devoted to developing novel anode
materials with higher capacity, better cycling stability, and better safety. Metallic and semimetallic elements from group IV and V have been intensively studied in the last few decades
after Dey and co-workers discovered that Li metal can electrochemically alloy with other
metals in an electrochemical cell with organic electrolyte.63 Although these materials can
provide larger specific capacity than graphite, large volume changes occur during
charge/discharge which result in rapid capacity decay. To bring this kind of material to
practical application, strategies need to be developed to solve this issue. Nanostructuring and
carbon coating have been proved to be a promising ways to accommodate the volume
variation.
Apart from elements from groups IV and V, elements such as Al, Ga, In, Ag, Au, Zn, and
Cd were also reported to alloy with lithium. They have been rarely studied, however, because
of the low capacity or high cost. Also, Pb and As from groups IV and V have also been
seldom studied due to the low capacity and high toxicity. Here, in this section, only Si, Ge,
Sn, P, Sb, and Bi will be discussed.
1) Silicon and germanium
Silicon has been redeemed as the most promising anode materials for LIBs because of its
high gravimetric and volumetric energy density, relatively low working potential, and natural
abundance. A series of intermetallic Li-Si phases are formed during electrochemical reactions
including Li12Si7, Li7Si3, Li13Si4, and Li22Si5. Large volume changes were observed during
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charge and discharge, however, which are holding back its practical application. The capacity
of silicon anode drops quickly, which is believed to be caused by the volume change. To
address these issues, many strategies have been developed so far, including preparing
nanosize Si, composing with other materials, especially carbon materials, using highly elastic
binders.64-74 Xu and co-workers reported 2D silicene that was synthesized by mild oxidation
of CaSi2.20 The resultant silicene has a layered structure and can be readily exfoliated into
single or few-layer sheets as shown in Figure 2.17 a-c. When the exfoliated silicene was
evaluated as an anode for LIBs, it delivered a reversible capacity of 721 mA h g-1. The
silicene electrode showed superior rate capability when evaluated at different current
densities ranging from 0.1 to 5.0 A g-1. It’s long-term cycling stability was tested at 1.0 A g-1,
and the capacity still remained at 596 mA h g-1 after cycling for 1800 times (Figure 2.17 d-f).
Germanium is another excellent anode material for LIBs that is comparable to silicon. It has
the high theoretical capacity of 1600 mA h g-1, superior electronic conductivity, and excellent
Li+ ions mobility. The mechanism of germanium alloying with lithium involves many steps.
A series of intermetallic Li-Ge phases are formed during electrochemical reactions including
Li9Ge4, Li7Ge2, Li15G4, and Li22Ge5. The volume expansion reaches 305% after full lithiation,
which results in cracks and pulverization of the electrode, and thus, loss of electrical contact.
Many strategies have been developed to overcome these issues. These strategies were
developed based on (1) a sufficient number of voids to accommodate volume expansion
during lithiation; (2) fast transport pathways for electrons and lithium ions; and (3) stable
solid electrolyte interphase (SEI) layers formed in-situ. Synthesis of nanostructured
germanium has been the most widely adopted strategy to achieve better electrochemical
performance. Guo and co-workers prepared germanium/carbon nano boxes that delivered
1065 mA h g-1 at a current density of 800 mA g-1.75 Yang and co-workers prepared a three-
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dimensional (3D) nitrogen-doped graphene foam with encapsulated germanium/nitrogendoped graphene in a yolk-shell nanoarchitecture through the CVD method.76

Figure 2.17 (a) SEM image of as-prepared silicene. (b) TEM image of exfoliated silicene. (c)
AFM image of exfoliated silicence and corresponding height profile. (d) Electrochemical
performance of the silicene electrode at 0.1 A g-1. (e) Rate performance of the silicene
electrode. (d) Long-term cycling performance of the silicene electrode at 1 A g-1.20
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2) Phosphorus
Phosphorus is another promising anode material for both LIBs and sodium ion batteries (SIBs)
due to its high specific capacity, low redox potential, and low cost. Phosphorus has four main
allotropes: white phosphorus, violet phosphorus, red phosphorus, and black phosphorus.
Among them, white phosphorus is highly reactive and toxic, which makes it unsuitable as an
anode material. Red and black phosphorus have been extensively investigated as anode
materials for both LIBs and SIBs. Red phosphorus cannot be used as an anode material
directly due to its low electronic conductivity (~ 1 x 10-14 S cm-1). Using it in composites with
other materials, especially carbonaceous materials, is a promising way to achieve both high
performance and good cycling stability. Many strategies have been developed to fabricate
phosphorus-carbon composites for better electrochemical performance. In 2007, Park and coworkers prepared black phosphorus and carbon black composites through a high energy ballmilling process by using red phosphorus as a precursor.77 During the milling process, the red
phosphorus was transformed into black phosphorus. The composite delivered high capacity
and good cycling stability when tested as anode material for LIBs. Guo and co-workers
fabricated a carbon/phosphorus/graphene aerogel 3D structure via a vapor-redistribution
strategy.78 They first prepared a phosphorus/graphene composite through an in-situ selfassembly process, followed by coating with polypyrrole through vapor phase polymerization
(Figure 2.18). Finally, the composite was subjected to thermal treatment to redistribute the P.
The particle size of red phosphorus in the composite was around 10 - 20 nm. The as-prepared
C@P/graphene aerogel (GA) electrode delivered a high capacity of 1867 mA h g−1 after 100
cycles at 0.1 C, and it exhibited a significant capacity of 1095.5 mA h g−1, even at 1 C after
200 cycles. Carbon nanotubes, carbon nanowires, graphite, and graphene have also been
used as host materials for phosphorus.
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Figure 2.18 Schematic illustration of C@P/GA composite prepared in a three-step process (i)
In-situ self-assembly of graphene and red phosphorus. (ii) Polypyrrole coating through vapor
phase polymerization. (iii) Carbonization and red phosphorus redistribution.78
Black phosphorus (BP) was discovered more than one hundred years ago, it began to attract
attention in recent years with the development of layered materials. BP is the most stable
allotrope and is very like graphite in regards to appearance, structure, and properties. It also
can be exfoliated into single sheets, namely, “phosphorene”. BP has great potential in field
effect transistors, photodetectors, thermoelectric applications, solar cells, and energy storage
due to its unique layered structure, excellent physical properties, and unusual anisotropy. Cui
and co-workers fabricated a sandwiched BP/graphene nanocomposite via self-assembly of BP
layers and graphene sheets (Figure 2.19).79 The prepared hybrid material delivered the high
capacity of 2440 mA h g-1 at a current density of 50 mA g-1 with 83% capacity retention after
cycling for 100 times (Figure 2.19 d). They also observed huge expansion during sodiation
by in-situ TEM. The graphene in the composite not only improved the electronic conductivity,
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but also worked as an elastic buffer layer to accommodate the expansion of phosphorene
layers.

Figure 2.19 (a) TEM image of the exfoliated black phosphorus. (b) and (c) AFM image and
corresponding height profile of the exfoliated black phosphorus. (c) Electrochemical
performance of BP/graphene electrode with a different graphene to BP ratios. (e) Charge and
discharge profiles of the BP/graphene electrode. (d) Charge and discharge profiles at different
current densities. (g) Long-term cycling performance of BP/graphene at different current
densities.79
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3) Tin, antimony, and bismuth
The alloy reactions of Sn, Sb, and Bi with lithium are quite similar. A series of alloy phases
will be formed during electrochemical reaction with lithium. Sn, Sb, and Bi have a theoretical
gravimetric capacity of 960 mA h g-1, 660 mA h g-1, and 386 mA h g-1 respectively, based on
the formation of Li17Sn4, Li3Sb, and Li3Bi. The main issue for the three metals is the huge
volume change that occurs during cycling. Studies have shown that nanosizing and carbon
coating are the two most effective ways to address the issue. So far, many nanosized forms of
Sn, Sb, and Bi with or without carbon have been reported.80-95 2D structured Sn, Sb, and Bi
have been rarely reported, arguably due to lack of synthetic methods. Bao and co-workers
prepared a chemically coupled Sb/graphene composite through a confined vapor deposition
method (Figure 2.20). When evaluated as an anode for SIBs, the Sb/graphene composite
delivered a capacity of 452 mA h g-1 at 100 mA g-1. The rate performance of the Sb/graphene
composite was also better than those of Sb, an Sb-graphene mixture, or graphene. The author
ascribed this outstanding performance to the chemical bonding between Sb and graphene,
which improved the conductivity and stabilized the SEI.

2.4.3 Metal oxides
Metal oxides have attracted much attention due to their rich compositions and high
theoretical capacity (500 – 1100 mA h g-1) as potential anode materials for LIBs. Metal oxide
anodes can be sorted into three kinds based on their reaction mechanisms: intercalation,
conversion, and conversion-alloying.
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Figure 2.20 Schematic illustration of the preparation process for Sb/graphene. (b) SEM
image of the Sb/graphene composite. (c) TEM image of the Sb/graphene composite. (d)
High-resolution TEM image of the Sb/graphene composite. (e) Cycling performance of the
Sb/graphene electrode. (g) Rate performance of the Sb/graphene electrode.91

35

1) Intercalation based anodes for LIBS and SIBs
Some metal oxides can take up Li+ ions without destroying their crystal structure during
electrochemical reactions. These properties make such materials promising candidate anodes
for LIBs and SIBs. Among these metal oxides, titanium oxides have stood out as alternative
materials to carbonaceous anode due to their low cost, safety, and environmental friendliness.
96-99

Titanium dioxide (TiO2) is a typical metal oxide that has been studied intensively as an anode
material for LIBs because of its abundance and rich structure.100 Titanium oxide exists in
nature with many phases like rutile, anatase, and brookite. Their structures are built on the
connection of TiO6 octahedra with different corner- and edge-sharing configuration. TiO2 can
take up 1 equivalent of Li+ which delivers a theoretical capacity of 330 mA h g-1. Achieving
this theoretical capacity is very challenging, however. The theoretical calculation performed
by Dambournet indicated that brookite-TiO2 could take up to 0.75 equivalent of Li+ , which
corresponds to the composition of Li0.75TiO2.101 Borghols and co-workers studied the Li+
insertion mechanisms of anatase TiO2 and discovered that partially lithiated TiO2 (LixTiO2)
had poor Li+ mobility when X>5, which makes further lithiation difficult.102 Hence,
numerous research works have been devoted to preparing nanostructured TiO2 to improve its
electrochemical performance with a higher degree of lithium insertion.103-106
Spinel-type Li4Ti5O12 is another Ti-based oxide that has been widely investigated as an anode
material due to its well-known “zero strain” as an anode for LIBs. The reversible
intercalation/deintercalation of Li+ into Li4Ti5O12 can be dated to decades ago. The
electrochemical intercalation of Li+ into Li4Ti5O12 is a two-phase process that forms a solid
solution between Li4Ti5O12 and Li7Ti5O12. The theoretical capacity of Li4Ti5O12 is 175 mA h
g-1, although, the theoretical capacity is often difficult to achieve. Generally, Li4Ti5O12
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delivers a specific capacity of 100 mA h g-1 and has poor rate capability. The reported results
showed that lithium storage properties of Li4Ti5O12 are size-dependent, so a possible way to
improve the electrochemical performance of Li4Ti5O12 is to reduce the particle size to shorten
the diffusion length of the ions/electrons inside the particles. Many reported results
demonstrated that nanosized materials could achieve its theoretical capacity with better rate
performance. In 2013, Lou and co-workers prepared hollow Li4Ti5O12 spheres by using SiO2
templates via the sol-gel method.107 The as-prepared hollow spheres had a diameter of 500
nm and a thickness of 50 – 60 nm. The Li4Ti5O12 hollow sphere delivered 120 mA h g-1 at a
current density of 850 mA g-1 (5C) with 12% capacity retention after 300 cycles. The rate
capability of Li4Ti5O12 is also improved when it was cycled at 2, 3, 5, and 10 C with
outstanding specific capacities of 150, 139, 128, and 115 mA h g-1, respectively. The specific
capacity could still be kept at 104 mA h g-1 , even when the current density increased to 20 C.
2) Conversion reaction based anodes
Metal oxides have attracted enormous attention due to their higher theoretical capacity than
graphite. The reaction mechanism of metal (M) oxide and lithium can be described as
follows:108

𝑀𝑥 𝑂𝑦 + 2𝑦𝐿𝑖 + + 2𝑦𝑒 − = 𝑥𝑀 + 𝑦𝐿𝑖2 𝑂

(1)

Although conversion-reaction metal oxide materials have high theoretical capacities, two
main issues need to be addressed before their practical application. First, metal oxide
materials suffer from huge volume expansion during lithiation and de-lithiation which results
in rapid capacity fading. Second, the initial coulombic efficiency of metal oxides electrodes is
generally low and needs to be improved. Fabricating metal oxides with nanostructures is an
efficient way to buffer the volume changes and thus enhance the specific capacity retention.
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Furthermore, nanosized materials can offer large electrode-electrolyte contact areas, shorten
electron/ion diffusion paths, and provide more reaction sites, which will lead to high rate
capability. The first metal oxide anode material for LIBs was reported by Tarascon and coworkers in 2000.109 The as-prepared nano-sized metal oxides delivered specific capacities as
high as 700 mA h g-1, after cycling for100 times, the capacity of the metal oxides showed no
signs of fading. Also, the metal oxides showed high-recharging rates. The electrochemical
reactions of the metal oxides and lithium involve the formation of lithium oxide and
elemental metal which is different from the intercalation or alloying mechanisms. So far,
many metal oxides have been investigated as anodes for LIBs and SIBs. Among those metal
oxides, iron oxides and cobalt oxides have been widely studied due to their low cost and high
theoretical capacity. Sun and co-workers reported 2D Co3O4@graphene composite that
exhibited high lithium storage performance (Figure 2.21). They first prepared atomically thin
layers of Co3O4 (ATMCNs) through the hydrothermal method and formed them into a
composite with graphene. The electrochemical performance of the ATMCNs/graphene
composite outperformed individual graphene or, ATMCNs alone.
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Figure 2.21 (a-c) SEM, TEM, and AFM images of the atomic thin layered Co3O4. (d-f) TEM
images of the Co3O4@graphene composite. (g) and (h) Rate capabilities and long term
cycling stability of the atomically thin Co3O4@graphene composite electrode.110
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Another strategy which can promote electrochemical performance is coating with
carbonaceous materials.
3) Conversion-alloying anode
As discussed above, some elements like Si, Ge, Sn, Sb, and Bi can take up Li-ions through
alloying reactions. Their corresponding oxides SiO2, GeO2, SnO2, Sb2O3, and Bi2O3 were
also systemically studied as anode materials for LIBs and SIBs. Except for SiO 2, all the other
oxides showed electrochemical activity towards lithium and sodium . The reactions
mechanism involves two steps, as explained below:
𝑀𝑥 𝑂𝑦 + 2𝑦𝐿𝑖 + + 2𝑦𝑒 − = 𝑥𝑀 + 𝑦𝐿𝑖2 𝑂

(1)

𝑀 + 𝑥𝐿𝑖 + + 𝑒 − = 𝐿𝑖𝑥 𝑀

(2)

Two main issues, including large irreversible capacity and huge volume change, need to be
addressed before practical application. So far, reducing the dimension and fabricating with
other materials are two useful strategies to overcome these drawbacks.111-125

2.4.4 2D Metal Sulfides
Metal sulfides have attracted considerable attention as anode materials for both LIBs and
SIBs due to their high electrical conductivity, high initial coulombic efficiency, and high
reversible capacity.126-128 So far, many metal sulfides have been investigated as anode
materials for both LIBs and SIBs, for example, CoS,129-130 FeS2,131-132 SnS,133-134 SnS2,135-136
Bi2S3,137-138 ZnS,139 MoS2,140-141 and Sb2S3142. Among these investigated materials, metal
sulfides with layered structure are of particular interest because of their relatively weak ionic
bonds, which endow the materials with favorable kinetics.134, 143-144 SnS2 is a typical layered
metal sulfide with a large interlayer spacing high theoretical capacity, high electrical
conductivity, and the natural abundance of tin and sulfur. Many papers have been published
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on SnS2 over the past several decades.145-146 The biggest problems are its sluggish kinetics
and huge volume changes during charge and discharge, which cause pulverization of the
electrode and further result in poor cycling stability. To overcome these issues, many
strategies have been developed including structural design, morphological control, and
hybridization.
For 2D metal sulfide materials, expanding the layer spacing has been proven to be effective
way to improve their electrochemical performance. Li and co-workers prepared expanded
layered SnS2 that was assembled through the hydrothermal method, which showed improved
lithium and sodium storage performance (Figure 2.22).147 The as-prepared SnS2 has a layer
spacing of 0.97 nm, compared to standard SnS2 , which has a layer spacing of 0.59 nm, and an
expansion of 0.38 nm was recorded (Figure 2.22 b and c). They claimed that the enlarged
layer spacing of SnS2 was induced by the intercalation of organic molecules during the
hydrothermal reaction. The as-prepared SnS2 delivered a reversible capacity of over 1200 mA
h g-1 when tested as an anode for LIBs at a current density of 200 mA h g-1 (Figure 2.22 e
and f). Additionally, after coating with carbon, the electrochemical performance could be
further improved.
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Figure 2.22 (a) XRD pattern of the as-prepared SnS2. (b) TEM image of SnS2 sheets. (c)
Cross-sectional high-resolution TEM image of the SnS2. (e) Galvanostatic discharge-charge
profiles of selected cycles of the SnS2 at 100 mA g-1. (f) Cycling performance of the SnS2
electrode at 100 mA g-1.147
Constructing heterostructures is another useful strategy to achieve high rate capability.148-151
Guo and co-workers reported a SnS@SnO2 heterostructure supported on graphene sheets
which showed superior rate capability when compared with its individual parts (Figure
2.23).149 The authors ascribed the resultant high rate performance mainly to the formation of
a built-in electric field. Due to the different band gaps of SnS and SnO2, a built-in electric
field can be formed on the heterointerfaces, which will promote the charge transfer kinetics.
The SnS@SnO2 electrode delivered a capacity of ~ 720 mA h g-1 at 30 mA h g-1 when
evaluated as an anode for SIBs. When the SnS@SnO2 electrode was subjected to a cycling
stability test, 360 mA h g-1 was maintained after 500 cycles at 2430 mA g-1.
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Figure 2.23 (a) Illustration of the mechanism responsible for the enhanced high-rate capacity
of C@SnS/ SnO2@Gr (where Gr represents graphene) in the Na-ion battery system. (b)
Cycling performance of the of C@SnS/SnO2@Gr and reference electrodes. (c) Rate
capabilities of the of C@SnS/SnO2@Gr and reference electrodes. (d)Long-term cycling
performance of the C@SnS/SnO2@Gr.149
Additionally, the electrochemical performance of metal sulfides can also be improved by
reducing the dimensions and coating with carbon. Ultrathin or even atomically thin 2D
materials have shorter ion/charge transfer paths and can better accommodate volume change
during cycling. The existence of a carbon layer can improve the electrical conductivity,
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prevent aggregation and offer buffering space. Li and co-workers prepared a 2D mono-layer
MoS2 – carbon layer-by-layer composite which exhibited superior lithium ion storage
capability (Figure 2.24).152 The MoS2 – carbon composite was fabricated through a threestep process. The mono-layer MoS2 precursor was synthesized via a hydrothermal process.
Surface polymerization of dopamine was conducted. The final product was obtained after
carbonization in argon. When tested as an anode for LIBs, the 2D mono-layer MoS2 /carbon
composite delivered a capacity of 1133 mA h g-1 at 400 mA g-1, which was much higher than
those of MoS2/graphene composite, exfoliated graphene, and annealed 2D monolayer MoS2.
The composite also exhibited superior rate capability and stable cycling performance.

Figure 2.24 (a) SEM image of as-prepared MoS2 nanosheets. (b-d) TEM images of the
MoS2/C composite. (e) Rate capabilities of the MoS2/mesoporous carbon (m-C) nanosheet
superstructure, MoS2/graphene composite, exfoliated graphene, and annealed MoS2
nanosheets. (f) Long-term cycling stability of the MoS2/m-C nanosheet superstructure at 400
mA g-1.152
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Chapter 3. Experimental Procedure and Equipment
3.1 Chemicals and materials
All chemicals and materials used in this thesis are listed in Table 3.1 with their formula,
purity, and supplier.
Table 3.1. Chemicals and materials
Chemicals
Magnesium diboride

Formula

Purity

Supplier

MgB2

99%

Alfa Aesar

HCl

37%

Sigma-Aldrich, AU

Calcium

Ca

99%

Sigma-Aldrich, AU

Germanium

Ge

99.99%

Sigma-Aldrich, AU

Hydrogen chloride solution
(concentrated 37%)

Calcium silide

CaSi2

Indium chloride

InCl3

98%

Sigma-Aldrich, AU

Tin(IV) chloride

SnCl4·5H2O

98%

Sigma-Aldrich, AU

C3H7NO2S

98%

Sigma-Aldrich, AU

12% in acetone

Sigma-Aldrich, AU

pentahydrate
L-cysteine
Azobisisobutyronitrile

1-Octadecene

C18H36

95%

Sigma-Aldrich, AU

Sulfuric acid

H2SO4

95-98%

Sigma-Aldrich, AU

C

N/A

Sigma-Aldrich, AU

Hydrogen peroxide

H2O2

30% in water

Sigma-Aldrich, AU

Nitric acid

HNO3

70%

Sigma-Aldrich, AU

graphite
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Potassium permanganate

KMnO4

99%

Sigma-Aldrich, AU

Sodium hydroxide

NaOH

98%

Sigma-Aldrich, AU

Pyridine

C5H5N

99.8%

Sigma-Aldrich, AU

H2O

5 ppb

Millipore,

(TOC)

USA

98%

Chem-Supply

DI Milli-Q Water

Methanol

CH3OH

Pty.Ltd.
Ethanol

C2H5OH

98%

Chem-Supply
Pty.Ltd.

isopropanol

C3H8O

99%

Chem-Supply
Pty.Ltd.

Tetrahydrofuran(anhydrous) C4H8O

99.9%, anhydrous

Sigma-Aldrich, AU

CH3CN

99.8%

Sigma-Aldrich, AU

Hexane(anhydrous)

C6H14

95%, anhydrous

Sigma-Aldrich, AU

Toluene (anhydrous)

C7H8

99.8%, anhydrous

Sigma-Aldrich, AU

CH3Cl

99.5%

Sigma-Aldrich, AU

CH3CH2OCH2

99.7%

Sigma-Aldrich, AU

C5H9NO

99.5%, anhydrous

Sigma-Aldrich, AU

Lithium metal

Li

99.9%

Sigma-Aldrich, AU

Sodium metal

Na

99.5%

Sigma-Aldrich, AU

LiPF6

99.99%

Sigma-Aldrich, AU

NaClO4

98.0%

Sigma-Aldrich, AU

Acetonitrile(anhydrous)

Chloroform(anhydrous)
Diethyl ether (anhydrous)

CH3
N-methyl-2-pyrrolidone

Lithium
hexafluorophosphate
Sodium perchlorate
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Dimethyl carbonate

99%

Sigma-Aldrich, AU

Ethylene carbonate

99%

Sigma-Aldrich, AU

Diethyl carbonate(DEC)

99%

Sigma-Aldrich, AU

Fluoroethylene carbonate

N/A

Sigma-Aldrich, AU

Super P

Timcal Belgium

N/A

Sigma-Aldrich, AU

N/A

Sigma-Aldrich, AU

Celgard

Hoechst Celanese

2500

Corporation,USA

Carbon black

C3H6O3

C

Sodium carboxymethyl
cellulose (CMC MW =
90,000)
Poly (acrylic acid)
(MW=130,000)

Polypropylene separator

(C3H6)n

Copper foil

Cu

N/A

Vanlead Tech

CR2032 type coin cells

N/A

N/A

Vanlead Tech

3.2 Methods and materials fabrication

1) Hydrothermal synthesis
Hydrothermal synthesis is a method in which chemical reactions proceed in a sealed
heated solution above ambient temperature and pressure. During cooling, the materials
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crystallize out of the high-temperature solution under high vapor pressure. This method is
highly useful and efficient for nanomaterials synthesis. As shown in Figure 3.1, a
hydrothermal reactor usually consists of a chemically-inert polytetrafluoroethylene (PTFE)
internal vessel and a stainless steel protector. Once loaded with chemicals, the
hydrothermal reactor will be placed into an oven at a designed temperature for a specific
time. The composition, morphology and crystal structure of the final products depends on
the reactants, concentration, temperature, volume and reaction time. Thus, through
controlling these parameters, we can fabricate designed materials.

Figure 3.1. Illustration of typical hydrothermal apparatus.

2) High-temperature carbonization
Carbonization is the conversion of carbon containing precursors into carbon or carboncontaining materials through high-temperature thermal decomposition under a specific
atmosphere or high vacuum. In my experiments, carbonization was conducted in a
horizontal quartz tube in a furnace under flowing argon gas.
4) Liquid exfoliation
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Liquid exfoliation is the most widely used technique to exfoliate layered materials into a
single layer or few-layers via an external force or chemical reaction in the liquid. In my
experiments, liquid exfoliation was performed by ultrasonication in a specific liquid.

3.3 Characterization
3.3.1 X-ray diffraction
Powder X-ray diffraction (XRD) is a powerful technique to determine the crystallographic
structure of crystalline materials. When a beam of incident X-rays goes into a crystalline
structure, the atoms will diffract the beam into different directions. A three-dimensional map
of the electron density within the crystal can be constructed through measuring the scattering
angles and their intensities. By deciphering the electron density map, the arrangement of the
atoms in the crystal can be deduced, as well as their chemical bonds, and their
crystallographic disorder. The principle of the XRD is illustrated in Figure 3.2

Figure 3.2 Principle of X-ray diffraction.
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In this doctoral work, powder samples were well ground in a mortar and then pressed
onto a quartz sample holder with a flat surface. The XRD device uses Cu Kα radiation
with λ =1.54056 Å.

3.3.2 Scanning electron microscopy
A scanning electron microscope (SEM) is a type of electron microscope that uses a high
energy focused electron beam to scan the surface of a sample. The electrons interact with the
surface atoms in the sample and produce various signals that contain information about the
sample topography and composition. These signals are collected by a detector, and an image
file is the output. The morphology and structure of samples in this research work were
characterized by a field-emission scanning electron microscope (FESEM; JEOL 7500 in
EMC, UOW). Samples were dispersed in a solvent and drop casted on a silicon wafer. The
silicon wafer was bound to the sample holder by conductive carbon tape. Alternatively, the
sample could also be dropped onto a copper mesh.
3.3.3 Transmission electron microscopy
Transmission electron microscopy is a microscopy tool in which a beam of electrons is
accelerated and then transmitted through a sample to form an image. The sample needs to be
thin enough to let the electron beam go through. When an electron beam goes into a sample,
the electrons will be scattered due to the interactions between the electrons and the sample.
An image can be constructed through analysing the scattered electrons. In this doctoral work,
TEM was performed on JEOL JEM-2011.
3.3.4 Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDS, EDX, EDXS or XEDS), sometimes called
energy dispersive X-ray analysis (EDXA) or energy dispersive X-ray microanalysis
(EDXMA), is an analytical technique used for the elemental analysis or chemical
69

characterization of a sample. It relies on the interaction between some source of X-ray
excitation and the sample. Its characterization capabilities are due in large part to the
fundamental principle that each element has a unique atomic structure, allowing a unique set
of peaks in its electromagnetic emission spectrum (which is the main principle of
spectroscopy). To stimulate the emission of characteristic X-rays from a specimen, a highenergy beam of charged particles such as electrons or protons (for example, particle induced
X-ray emission (PIXE)), or a beam of X-rays, is focused onto the sample being studied. At
rest, an atom within the sample contains ground state (or unexcited) electrons in discrete
energy levels or electron shells bound to the nucleus. The incident beam may excite an
electron in an inner shell, ejecting it from the shell while creating an electron-hole pair where
the electron was. An electron from an outer, higher-energy shell then fills the hole, and the
difference in energy between the higher-energy shell and the lower energy shell may be
released in the form of an X-ray. The number and energy of the X-rays emitted from a
specimen can be measured by an energy-dispersive spectrometer. As the energies of the Xrays are characteristic of the difference in energy between the two shells and of the atomic
structure of the emitting element, EDS allows the elemental composition of the specimen to
be measured.
3.3.5 Thermogravimetric analysis
Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal
analysis in which changes in physical and chemical properties of materials are measured as a
function of increasing temperature (with a constant heating rate), or as a function of time
(with constant temperature and/or constant mass loss). TGA can provide information about
physical phenomena, such as second-order phase transitions, including vaporization,
sublimation, absorption, adsorption, and desorption. Commonly, it is used to determine
selected characteristics of materials that exhibit mass loss or increase because of
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decomposition, oxidation, or loss of volatiles. In this work, TGA was used to determine the
carbon contents in the carbon composite materials. TGA was carried out in air atmosphere
using a SETARAM Thermogravimetric Analyzer (France) in ISEM, UOW or a PerkinElmer
TG/DTA 6300 in KETI.
3.3.6 Raman spectroscopy
Raman spectroscopy is a spectroscopic technique for analysis of the vibrations of chemical
bonds and the symmetry of molecules, which is commonly used in chemistry to identify
materials. In a Raman spectrometer, a laser light interacts with molecular vibrations, phonons,
or other excitations of the sample, resulting in characteristic shifts in laser photons. The
Raman spectra in this work were collected on a JOBIN Yvon Horiba Raman Spectrometer
model HR800, employing a 10 mW helium/neon laser at 632.8 nm in IPRI, UOW.
3.3.7 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique to measure the elemental composition, empirical formula, and chemical and
electronic states of the elements within a material. The valence states of elements can be
identified and the ratio of each valence state can be estimated from the spectra. In this work,
XPS was carried out on a VG Scientific ESCALAB 2201XL instrument in ISEM, UOW, and
a Thermo Scientific Sigma Probe instrument in KETI using Al Kα X-ray radiation and fixed
analyzer transmission mode.
3.3.8 Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR), also known as FTIR analysis or FTIR
spectroscopy, is an analytical technique used to identify organic, polymeric, and inorganic
materials. The total internal energy of a molecule can be described as the sum of rotational,
vibrational, and electronic energy levels. Infrared spectroscopy is the study of interactions
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between matter and electromagnetic (EM) fields in the IR region. In this spectral region, the
EM waves mainly couple with the molecular vibrations. In other words, a molecule can be
excited to a higher vibrational state by absorbing IR radiation. The probability of a particular
IR frequency being absorbed depends on the actual interaction between this frequency and
the molecule. In general, a frequency will be strongly absorbed if its photon energy coincides
with the vibrational energy levels of the molecule. IR spectroscopy is, therefore, a very
powerful technique, which provides fingerprint information on the chemical composition of a
sample. In this study, the FTIR spectrum were recorded on either a Shimadzu or a Perkin
Elmer FTIR.
3.3.9 Gas chromatograph mass spectrometers (GC-MS)
Gas chromatography-mass spectrometry (GC-MS) is an analytical and characterization tool
that combines the features of gas-chromatography and mass spectrometry. When a sample
was injected into the GC system, the components in the sample will be separated out
individually. Each chemical species will be ionized through the MS system. Due to the
different mass-to-charge ratios, ions will be sorted to form a mass spectrum. Through
analyzing the spectrum, the structure can be resolved. In this work, the GC-MS data were
collected on a Perkin-Elmer instrument. Gas sample was injected to the instrument by a
micro-syringe.
3.3.10 Solid state nuclear magnetic resonance (NMR) spectroscopy
Solid-state NMR (SSNMR) spectroscopy is a type of nuclear magnetic resonance (NMR)
spectroscopy that can be used to determine elements in different chemical environments. Due
to the different chemical environments, the outer electron density of nuclei will be different.
When an external magnetic field is imposed on the molecules, the nuclei will interact with the
external field. Thus, the nuclei information on the nuclei could be obtained. In this doctoral
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work, solid-state magic angle spinning nuclear magnetic resonance was used to characterize
the boron and protons in 2D boron hydride sheets.
3.3.11 In-situ synchrotron X-ray powder diffraction
The principle of in-situ synchrotron X-ray powder diffraction is similar to that of X-ray
powder diffraction. The in synchrotron X-ray powder diffraction, the X-ray are produced
by the synchrotron radiation. The in-situ synchrotron X-ray powder diffraction is a
powerful tool that can be used to analyse the electrochemical reaction mechanisms during
charging and discharging. In this work, batteries used for in-situ synchrotron X-ray
powder diffraction were fabricated as described in section 3.4.
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Figure 3.3. (a) Illustration of synchrotron facility. (b) Illustration of coin cells used for insitu synchrotron X-ray powder diffraction test. (c) Illustration of synchrotron X-ray
powder diffraction.

3.4 Electrode fabrication and coin cell assembly
3.4.1 Electrode fabrication
The working electrodes were prepared by mixing the active materials, conductive reagents
(Super P or carbon black) and binder together in a solvent with a blender. After thoroughly
mixing, the slurry was coated on copper foil with an auto-film machine. The electrodes were
dried in a vacuum oven, punched into discs and then pressed. The final discs were ready to be
assembled into test cells in an argon-filled glove box (with oxygen and water levels
controlled below 0.1ppm).
3.4.2 Coin cell assembly
The electrode discs were assembled into a 2032-type coin cells in the argon-filled glove box,
as shown in Figure 3.7. For LIBs, a lithium metal disc was used as the counter electrode, 1M
LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC (1:1)) as electrolyte, and Celgard
2500 porous polypropylene as the separator. For SIBs, commercial sodium cubes were firstly
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Figure 3.4. Scheme illustration of 2032-type coin cell assembling.

stripped of their oxidized layer with a blade, and then pressed into small discs. The sodium
discs were used for the reference electrode,

NaClO4 in EC/DEC (1:1, v/v) was used as

electrolyte, and glass fiber as the separator.

3.5 Electrochemical test
3.5.1 Cyclic voltammetry
Cyclic voltammetry (CV) is an electrochemical technique which measures the current that
develops in an electrochemical cell. CV is performed by cycling the potential of a working
electrode at a specified scan rate and recording the resulting current. CV testing of coin cells
is based on the two-electrode model, in which Na/Li foil act as both the reference electrode
and the counter electrode. A peak would be observed in both anodic and cathodic curves
when a redox reaction occurs. Due to the limitations of electrode polarization, CV curves
generally display a hysteresis in the absolute potential between the reduction (Epc) and
oxidation peaks (Epa). This electrode polarization emerges from a combination of analyte
diffusion rate and the intrinsic activation barrier to transferring electrons from an electrode to
the analyte. In this doctoral work, CV data were collected on a Biologic VMP-3
electrochemical workstation in ISEM, UOW.
3.5.3 Galvanostatic electrochemical testing
The electrochemical performance of a cell can be estimated by galvanostatic testing, in which
the cell is charged and discharged up to a certain cut-off voltage in a constant current mode.
The charge and discharge capacity can be calculated based on the applied current and the
total accumulated time for the full charge and discharge process. This testing technique can
also be used to evaluate rate capability by applying various current densities over a number of
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cycles. The instrument used here to obtain the data was either a Land battery tester or a
Neware battery tester.
3.5.4 Electrochemical impedance spectroscopy
Electrochemical Impedance Spectroscopy (EIS) was developed in order to evaluate the
internal resistance of a cell. The impedance spectrum for active materials can be separated
into two parts. The high–frequency semicircle reflects the charge transfer resistance and the
double layer capacitance. The low-frequency linear tail reflects the solid-state diffusion of
ions into the bulk of the active materials. In this thesis, EIS data were recorded on a Biologic
VMP-3 electrochemical workstation in ISEM, UOW.

Figure 3.5. Illustration of electrochemical impedance spectroscopy of lithium-ion battery and
the meaning of each section.1
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Chapter 4. Integrated Design of Novel Ultrathin In4SnS8@Gr
Nanosheets with Superior High-rate and High-capacity Sodium
Storage
4.1 Introduction
Due to the rich resources and low cost of sodium, rechargeable sodium-ion batteries (SIBs)
have attracted enormous academic interest as a candidate technology for grid-scale energy
storage.1-3 Currently, the well-established techniques for lithium-ion batteries (LIBs) cannot
be simply copied to sodium ion batteries because of the larger radius of the Na ion compared
to the Li ion.4-6 Developing suitable electrode materials for high-performance SIBs is of great
importance to bring this technology to practical application. Extensive efforts have been
devoted to exploring new anode materials with high specific capacity, long-term cycling
stability, and excellent rate capability.7 Among the examined materials, metal sulfides, such
as SnS28-9 , SnS10-12, Sb2S3 13-14, Bi2S3 15-16, and In2S3 17-18, have stood out, because they can
take up Na ions through combined conversion and alloying mechanisms thus delivering high
capacities.19 Real application has far more reached, however, due to their poor intrinsic
conductivity, sluggish kinetics and huge volume expansion during sodiation and desodiation
processes.19 Current optimization approaches to performance improvement have failed to
simultaneously retain the high-rate performance, high-capacity and long cyclability in a
single material. Hence, an integrated performance strategy realized by rational design is still
highly desirable. It is widely accepted that the electrochemical properties of electrode
materials can be tuned through controlling their composition, dimensionality, and atomic
arrangement.20-21 In this regard, systemically optimizing these characteristics may allow the
synthesis of materials with the desired properties through elaborate design. Ternary metal
sulfides with two different metal cations generally show higher electrochemical activity than
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the corresponding binary and ternary metal sulfides derived from the complex composition
and synergistic effects of multiple metal species.22-24 Cubic spinel In4SnS8, a typical ternary
metal sulfide, is of particular interest for wide applications, due to its unique crystal structure
and physicochemical properties.25-26 The existence of defects in the structure is beneficial for
receiving and stabilizing the small guest ions. Apart from their structure and composition,
their morphology and geometry are also believed to have a huge impact on the
electrochemical performance of such materials.10, 27 Ultrathin two-dimensional (2D) materials
have shown many advantages for SIBs over their bulk counterparts.28 Their intrinsic property
of high surface area can not only provide a higher electrode/electrolyte contact areas, but also
offers rich active sites for electrochemical reactions.29 Their ultrathin and open structure also
could shorten the diffusion paths of ions/electrons to accelerate their electrochemical kinetics
and alleviate the volume variation during cycling.10 In addition, to enhance their electric
conductivity and avoid aggregation of electrode materials during cycling, graphene
hybridization has been proved as an effective method.30 Its 2D nature with ultrahigh surface
area and high flexibility allows compact and tight interaction with host materials, maximizing
the atomic interface contact. Also, its high electronic conductivity combined with good
mechanical stability can not only significantly boost charge transfer, but also effectively
accommodates the volume changes during repeated cycling, resulting in high-rate capacity
and cycling stability for electrode materials.31
Based on the principles of materials design stated above, here, we developed a facile and
scalable hydrothermal synthesis approach to constructing ultrathin ternary In4SnS8
nanosheets. By further hybridizing with graphene, the sophistically fabricated In4SnS8@Gr
heterostructured nanosheets (where Gr = reduced graphene oxide) were evaluated as anode
material for SIBs for the first time. The hybrid nanosheets delivered a high specific capacity
of 1022 mA h g-1 at 100 mA g-1 and impressive high-rate capability of 466 mA h g-1 at a
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super-high current density of 20 A g-1, significantly outperforming almost all previously
reported metal sulfide-based anodes in SIBs. Moreover, the In4SnS8@Gr nanosheets also
exhibited good long-term cycling performance. Even after 200 cycles at a high current
density of 5 A g-1, 72% capacity retention could still be maintained, suggesting superior highrate cycling stability. The proposed integrated design accompanied by excellent Na storage
performance will shed some light on the development of a facile and universal approach to
exploring high-performance materials toward energy applications.

4.2 Experimental section
4.2.1 Synthesis of In4SnS8 precursor
In a typical process, 2 mmol L-cysteine was dissolved in 40 mL de-ionized water with
constant stirring. After the L-cysteine was completely dissolved, 0.4 mmol InCl3 and 0.1
mmol SnCl4·5H2O were added and the solution was kept stirring for half an hour. The final
solution had a pH value of 2.35 measured by an electronic pH meter. The resultant solution
was then transferred into a 50 ml Teflon-lined stainless steel autoclave, which was sealed
tightly and heated in a pre-heated oven at 180℃ for 8 hours. After cooling naturally, the
bright yellow precipitates were collected by centrifugation. The product was washed with
water and ethanol for several times and dried in a vacuum oven at 60 ℃ overnight to obtain
the In4SnS8 precursor. Samples with different morphologies were obtained by adjusting the
pH value to 5.0, and 8.0, respectively, with 1M NaOH solution.
4.2.2 Synthesis of In4SnS8@Gr hybrid nanosheets
100mg of the as-synthesized bright yellow In4SnS8 was added into 20 mL of graphene oxide
(GO, 1mg/mL in water) suspension. The mixture was sonicated for half an hour to get a
homogenous suspension. Subsequently, the suspension was dropped into liquid nitrogen to
freeze and then freeze-dried. The resulting solid was loaded into a quartz boat and annealed
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in a tube furnace for heating at 5 ℃/min up to 400 ℃ for two hours under argon atmosphere.
The final product was a dark-brown solid and was used for electrode fabrication and
characterization. In4SnS8 without GO was annealed in the same way and used as reference
material.
4.2.3 Materials Characterization
The crystal structure of the as-prepared materials was characterized by X-ray diffraction
(XRD, MMA GBC) with Cu Kα radiation at a scanning rate of 1o /min. The morphologies
were characterized by field emission scanning electron microscopy (FESEM; JEOL-7500).
The details of the crystal structure and energy dispersive spectroscopy (EDS) mapping were
further investigated by scanning transmission electron microscopy and transmission electron
microscopy (STEM and TEM, JOEL JEM-ARM200F) at 80 kV. X-ray photoelectron
spectroscopy (XPS) was conducted on a VG Multilab 2000. All the binding energies were
referenced to the C 1s peak at 284.8 eV of the surface adventitious carbon. Fourier-transform
infrared spectroscopy (FTIR) and Thermogravimetric analysis (TGA) were conducteded on a
Perkin Elmer instrument. Raman spectrocopy was performed with a Jobin-Yvon HR800
Raman spectrometer.
4.2.4 Electrochemical Measurements
The electrochemical tests were performed on the CR2032 coin type cells. The working
electrodes were fabricated by mixing the active materials, super P and sodium carboxymethyl
cellulose in a weight ratio of 70:15:15 in water. The resultant slurry was coated on copper foil
with an auto-film machine. The electrode was dried in vacuum oven at 80 ℃ for 12 hours,
cut into round discs 10 mm diameter, and then pressed at 300 kg cm-2. The mass loading of
the materials on the individual disc was around 1.2 mg·cm-2. Electrochemical measurements
were carried out using two-electrode coin cells with sodium metal as the counter and the
reference electrode and glass microfiber (Whatman) as the separator. 1M NaClO4 in ethylene
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carbonate/diethyl carbonate (1/1; v/v) with 5 wt % fluoroethylene carbonate was used as
electrolyte. Electrochemical impedance spectroscopy and cyclic voltammetry were performed
on a VMP-3 electrochemical workstation at a scan rate of 0.1 mV s-1. The cells were
galvanostatically charged/discharged in the voltage range of 0.01–2.5 V versus Na/Na+ with
different current densities on a Land CT2001A battery tester.
4.2.5 In-situ synchrotron X-ray powder diffraction (SXRPD)
Customized CR2032 coin type cell was used for in operando XRPD measurements of
In4SnS8 sample. The cell was assembled by the same method used for the electrochemical
test cells. The cell was galvanostatically discharged-charged in 0.1–0.3 V (vs. Li+/Li) at 100
mA·g-1. The SXRPD patterns were collected every 4 min using a MYTHEN detector during
the discharge-charge process. The wavelength was determined to be 0.6887 Å using a LaB6
NIST SRM 660b.

4.3 Results and Discussion
The In4SnS8@Gr hybrid nanosheets were synthesized via a facile two-step approach. A facile
hydrothermal method was applied to synthesize the In4SnS8 nanosheets, followed by the
integration of graphene integrating through a freeze-drying procedure. It has been well
documented that the morphology and geometry normally play a pivotal role in the
electrochemical performance of electrode materials. In order to exploit the advantages of the
2D structure, few-layered ternary In4SnS8 was synthesized through reasonable design under
optimized reaction conditions. The L-cysteine used in this work acted not only as the source
of sulfur but also worked as a structure-directing agent because of its electron-rich functional
groups (-SH, -NH2, and –COO-), which can coordinate with metal ions containing empty
orbits

32-34

. Since L-cysteine has both acidic and basic groups (-COOH and -NH2) with an

isoelectric point of 5.0535, it will be either positively charged (when the pH value of the
solution is below 5.05) or negatively charged (when the pH value of the solution is above
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5.05 ), as shown in Figure 4.1. By simply adjusting the pH value of the reaction solution, Lcysteine will be presented in different forms, and thus final products with controllable
morphology and geometry can be obtained.

Figure 4.1 Schematic illustration of the assembly process for L-cysteine.

To understand the role of L-cysteine, both the as-synthesized and thermally annealed
products were characterized by Fourier-transform infrared spectroscopy (FT-IR), as shown in
Figure 4.2. For the as-synthesized fresh sample, absorption bands at 3500 cm-1, 3220 cm-1,
1621cm-1, 1417 cm-1, 1130cm-1, 1042 cm-1, and 610 cm-1 were observed, suggesting the
presence of -OH, -NH, CO32-, C-O, and –CH in the as-synthesized sample. The –OH, –CH,
and C-O may come from the absorption of water and ethanol molecules on the surface (since
the sample was washed with ethanol), while the –NH, and CO32- can be undoubtedly
attributed to the decomposition of L-cysteine. After thermal treatment, the peaks of –NH, and
CO32- disappeared.
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Figure 4.2 FT-IR spectra of as-synthesized fresh In4SnS8 and annealed In4SnS8.

Field-emission scanning electron microscopy (FESEM) was used to investigate the
morphology evolution of the as-synthesized products under different pH values. It can be
clearly seen that the pH value has a significant effect on the morphology of the final product
(Figure 4.3). With increasing the pH value (from 2.35 to 8.0), the morphology of the
obtained product was converted from microspheres to small wrinkled nanosheets. To
maximize the atomic interface interaction and construct the desired 2D heterostructures, large
2D sheets (synthesized at pH =5) were selected as the optimized precursor and further
integrated with graphene sheets for the following the electrochemical tests.
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Figure 4.3 SEM images of In4SnS8 synthesized at different pH values (a) 2.35, (b) 5.0, and (c)
8.0.

The successful preparation of the In4SnS8 was clearly verified by powder X-ray diffraction
(XRD), as shown in Figure 4.4. All the diffraction peaks of the as-synthesized In4SnS8 can
be indexed to the standard diffraction pattern of cubic In4SnS8 with a lattice parameter of α =
10.689 Å (JCPDS 42-1306, P). The relatively broad and low-intensity signals suggest the low
crystallinity of the as-prepared pure In4SnS8 nanosheets. After hybridizing with graphene
oxide (GO) and a subsequent thermal treatment at 400 ℃ for 2 hours in argon, the crystal
structure of the obtained heterostructured nanosheets was further investigated by XRD. The
diffraction pattern perfectly matches the standard diffraction pattern of the cubic In4SnS8,
while no other impurities were observed, indicating the high purity of the fabricated
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In4SnS8@Gr sample. Compared to the as-synthesized pure In4SnS8 nanosheets, the hybrid
material after thermal treatment shows better crystallinity, which is beneficial to the higher
electrochemical activity.

Figure 4.4 XRD patterns of as-synthesized In4SnS8 and In4SnS8@Gr.

Interestingly, on further increasing the thermal treatment temperature to 600 ℃ (Figure 4.5),
the powder X-ray diffraction results presented mixed phases of cubic In4SnS8 and
orthorhombic In18Sn7S34 ( JCPDS 47-1389, Pbam(55)) in the obtained sample, as shown in
Figure 4.5. The phase transformation from cubic In4SnS8 to orthorhombic In18Sn7S34
indicates the loss of sulfur during the high-temperature treatment of the metal sulfide, which
is similar to a previous report on the phase transformation of tin sulfides. Additionally, the
pristine GO sheets can be thermally reduced to conductive reduced graphene oxide (Gr)
during the thermal treatment process, and the lack of any diffraction signal from Gr indicates
the good dispersion of the introduced Gr nanosheets in the hybrid material, which is
beneficial for improving the structural stability of the In4SnS8 nanosheets as well as providing
abundant shortened electron/ion transport paths.
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Figure 4.5 XRD pattern of the In4SnS8@Gr annealed at 600 ℃ in argon.

The presence of Gr in the heterostructured nanosheets can be verified by Raman spectroscopy,
as shown in Figure 4.6. The In4SnS8@Gr nanosheets show 7 peaks located at 302 cm-1, 358
cm-1, 480 cm-1, 603 cm-1, 988 cm-1, 1330 cm-1, and 1584 cm-1. When compared with pure
In4SnS8, the peaks at 302 cm-1, 358 cm-1, 480 cm-1, 603 cm-1, and 988 cm-1 can be easily
attributed to In4SnS8. The peaks at 1330 cm-1 and 1584 cm-1 are derived from Gr due its
typical graphitic-G band and the disorder-induced D band. Generally, the intensity ratio of
the D band to the G band (ID/IG) can be used to evaluate the degree of restoration from
graphene oxide to graphene. In our In4SnS8@Gr hybrid nanosheets, ID/IG = 0.85, indicating
that graphene oxide was thermally reduced to graphene after annealing at 400 ℃ for 2 hours
in argon. The well-restored graphene ensured the good conductivity of In4SnS8@Gr, which is
crucially important for achieving high rate performance.
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Figure 4.6 Raman spectra of In4SnS8 and In4SnS8@Gr.

X-ray photoelectron spectroscopy (XPS) was performed to characterize the surface electronic
states and chemical compositions of the In4SnS8@Gr. The survey spectrum verifies the
presence of indium, tin, sulfur, and carbon elements (Figure 4.7a). In Figure 4.7c, the highresolution XPS spectrum of In 3d presents two strong peaks at 445.3 eV and 452.9 eV,
corresponding to the 3d 5/2 and 3d 3/2 orbitals of In3+,17 while two distinct peaks located at
487.0 eV and 495.6 eV are identified in the high-resolution Sn 3d XPS spectrum (Figure
4.7b), which can be assigned to the 3d 5/2 and 3d 3/2 orbitals of Sn4+.8 17 The S 2p spectrum
can be further fitted into two peaks located at 162.5 eV and 164.0 eV (Figure 4.7d), which
can be assigned to S 2p3/2 and S 2p1/2 of S2-. In the C1s spectrum in Figure 4.7e, the broad
asymmetric peak can be deconvolved into three peaks, which indicate carbon atoms in
different oxygen-containing functional groups. The peak located at 284.6 eV can be attributed
to non-oxygenated C, while the peak at 286.0 eV is assigned to the carbon in C–O. The peak
at 288.5 eV corresponds to carbonyl carbon (C=O).
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Figure 4.7 XPS spectra of In4SnS8@Gr (a) survey spectrum, and (b-e) high-resolution XPS
spectra of In 3d, Sn 3d, S 2p,and C1s, respectively.

TGA measurement were conducted in air to calculate the content of graphene in the
In4SnS8@Gr composite (Figure 4.8). During the heating process, the In4SnS8@Gr was
gradually oxidized into metal oxide (Figure 4.9) and carbon dioxide, accounting for a 20.7%
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weight loss below 600 ℃. Similarily, the pure In4SnS8 also showed a 9.7% weight loss to
600 ℃ because heavier sulfur atoms were replaced by oxygen atoms. Thus, the weight
percentage of graphene in the In4SnS8@Gr was calculated to be 12%.

Figure 4.8 TGA curves of In4SnS8 and In4SnS8@Gr from 50 to 850 ℃ in air.

Figure 4.9 XRD pattern of the In4SnS8@Gr heated 850 ℃ in air.
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The microstructure and morphology of the as-synthesized In4SnS8@Gr heterostructured
nanosheets were examined by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The low-magnification SEM image (Figure 4.10) reveals the sheet-like
morphology of the as-prepared In4SnS8@Gr sample, which is similar to that of the pristine
In4SnS8 sheets (Figure 4.10a). Further observation visibly shows that these sheets are
composed of small nanosheets with a highly twisted and wrinkled structure, which is
beneficial to providing more active surface area and accommodating the huge volume
changes, thus improving the sodium storage performance. Interestingly, after In4SnS8 is
integrated with graphene via the freeze-drying procedure, the obtained In4SnS8@graphene
hybrid composite exhibited a highly curled morphology, making it difficult to distinguish
graphene and In4SnS8 sheets (Figure 4.10b-d).

91

Figure 4.10 SEM images of (a) In4SnS8, (b-d) In4SnS8@Gr.

On the other hand, the homogeneous dispersion and good interaction of the In4SnS8 with
graphene sheets are clearly visible in Figure 4.11a. Such a good connection between the
In4SnS8 and the graphene sheets could effectively maitain the structural stability of the 2D
architecture and provide abundant atomic interfaces for sodium ion storage, leading to
superior electrochemical properties. Figure 4.11b shows a bent section of the
In4SnS8@graphene, and the thickness of the In4SnS8 can be roughly estimated as 3.0 nm,
corresponding to about 3 layers of In4SnS8 unit cells, indicating its ultrathin nature. In the
high-resolution transmission electron microscopy (HRTEM) image, clear lattice fringes with
a spacing of 0.269 nm are indexed to the (400) crystal planes of cubic In4SnS8 (Figure 4.11c).
The selected area diffraction (SAED) pattern indicates that the In4SnS8 is polycrystalline
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(Figure 4.11c inset). Meanwhile, the energy dispersive X-ray spectroscopy (EDX) element
mappings suggest that In, Sn, and S are uniformly distributed within the selected structure
(Figure 4.11d-h). The map of carbon almost perfectly overlaps with other element’ maps
(Figure 4.11e), which means that the graphene was conformally integrated with the In4SnS8,
thus resulting in superior structural integrity and fast ion/electron transport. The co-existence
of In, Sn, and S can be further confirmed by the EDX spectrum, as shown in Figure 4.12.

Figure 4.11 (a) and (b) TEM images of In4SnS8@Gr. (c) High-resolution TEM images of
In4SnS8@Gr, with the inset showing the SAED pattern. (d-h) Corresponding EDX element
mappings.
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Figure 4.12 EDX spectrum of In4SnS8@Gr.

The electrochemical performance of the In4SnS8@Gr hybrid composite was evaluated as an
anode material for SIBs. Cyclic voltammetry (CV) measurements were performed to
investigate the sodium ion storage process in the as-prepared material. (Figure 4.13a).
During the first cathodic scan, a small reduction peak appeared at around 1.7 V that might be
reasonably assigned to the intercalation of sodium ions into the In4SnS8 layers without phase
decomposition, while a strong cathodic peak located at 0.46 V can be attributed to conversion
and alloying reactions accompanied by the formation of irreversible solid electrolyte
interphase (SEI) during the first cycle36. In the anodic sweep, peaks at 0.48 V and 0.86 V that
emerged in all cycles can be ascribed to the desodiation reactions of NaꭓM. The oxidation
peak at 1.2 V may have come from regeneration of In4SnS8@Gr.After the first cycle, there
are three pairs of redox peaks that emerged in the following CV curves, indicating the multistep process during the insertion/de-insertion of sodium ions into/from the In4SnS8 electrode.
Specifically, in the third cycle, the small reduction peak at 0.58 V corresponds to the alloying
reaction of Sn with Na, which can be seen in many Sn-based materials.11-12, 37 Furthermore,
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the 0.44 V peak is likely to be due to the alloying reaction of In with Na.17, 38 The sodiation
process can be describe as following:
In4SnS8 + 16Na = 8Na2S + 4In + Sn

(1)

4In + 8Na = 4Na2In

(2)

4Sn + 15Na = Na15Sn4

(3)

The electrochemical performances of the electrodes were evaluated through galvanostatic
discharge-charge measurements The In4SnS8@Gr nanosheets delivered a discharge capacity
of 1385 mA h g-1 and a charge capacity of 1022 mA h g-1 during the first cycle at a current
density of 100 mA g-1, corresponding to an initial coulombic efficiency of 73.8% (Figure
4.13b,c). After 60 cycles, the reversible capacity still remained at 878 mA h g-1 (with 86%
capacity retention), suggesting the good cycling stability of the In4SnS8@Gr electrode. In
contrast, the pure In4SnS8 electrode exhibited the high initial discharge capacity of 1485 mA
h g-1 and charge capacity of 966 mA h g-1, giving a lower coulombic efficiency of 65%
(Figure 4.13c) than that of the In4SnS8@Gr electrode. In addition, the cycling stability of the
In4SnS8@Gr electrode is much better than that of the pure In4SnS8 electrode. Only after being
cycled 60 times, did the reversible capacity of the pure In4SnS8 electrode quickly drop to 334
mA h g-1, with capacity retention of 34.6%, implying inferior structural stability during
cycling, which is believed to be caused by the pulverization of the pure In 4SnS8 electrode
during sodiation/desodiation processes. In the In4SnS8@Gr electrode, the integrated graphene
nanosheets can significantly boost electron/ion transfer and effectively accommodate the
volume changes of the In4SnS8, consequently, resulting in high reversible capacity and good
cycling stability for sodium ion storage.
As an anode material, the high-rate capability is an important parameter for grid-scale
electricity storage and electric vehicle applications. The rate capabilities of both In4SnS8 and
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In4SnS8@Gr electrodes were systematically evaluated under different current densities
varying from 0.1 A g-1 to 20 A g-1. As can be seen from Figure 4.13d, the In4SnS8@Gr
electrode also shows rate capability that is significantly improvedover that of the pure
In4SnS8@Gr electrode. Specifically, when the current density was increased from 0.1 to 1 A
g-1, the corresponding reversible capacity decreased from 1022 to 678 mA h g-1, with 66.3%
capacity preservation. More importantly, when the current density was further increased from
1.0 to 10.0 Ag-1, the reversible capacity decreased from ~670 to ~530 mA h g-1, with a high
capacity retention rate of 79.1%. This result suggests the In4SnS8@Gr has excellent high-rate
capability. Surprisingly, even after increasing the current density to 20 A g-1, the In4SnS8@Gr
still maintained the high reversible capacity of ~466 mA h g-1. When the current density was
abruptly returned from 20 A g-1 to 100 mA h g-1, the capacity quickly rebounded to 940 mA h
g-1, indicating the superior electrochemical reversibility of these material. In addition, the
long-term cycling performance was investigated at the current density of 5.0 A g-1, and an
initial capacity of 580 mA h g-1 was recorded with capacity retention of 72% after 200 cycles,
demonstrating outstanding high-rate cycling stability (Figure 4.13e). Furthermore, the
electrochemical performance of our In4SnS8@Gr hybrid nanosheets outperforms most
previously reported Sn or In-based sulfide materials in sodium ion batteries (Figure 4.13f),
demonstrating its great potential as a future high-energy anode for advanced SIBs. This
outstanding electrochemical performance can be attributed to the following features (1) the
ternary composition and unique structure of In4SnS8 will offer higher electrochemical activity,
derived from the complex composition and synergistic effects of multiple metal species; (2)
the ultrathin 2D architecture could provide rich active sites and shorten the diffusion paths of
electrons/ions, thus accelerating electrochemical reactions; and (3) the conformal integrated
graphene can not only enhance the electron conductivity but also can maintain the structural
and electrical integrity of the electrode during charge and discharge.

96

Figure 4.25 Electrochemical performance of the samples. (a) Cyclic voltammograms for the
first three cycles of the In4SnS8@Gr at a scanning rate of 0.1 mV s-1. (b) Galvanostatic
discharge-charge profiles for selected cycles of the In4SnS8@Gr at 100 mA g-1. (c) Cycling
performance of In4SnS8@Gr at 100 mA g-1. (d) Rate capability of In4SnS8@Gr at various
current densities. (e) Long-term cycling performance of the In4SnS8@Gr at 5.0 A g-1 and the
corresponding coulombic efficiency. (f) Comparison of the high-rate cycling performance of
the In4SnS8@Gr with other reported In or Sn sulfide anodes in SIBs.
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To further gain insight into the fast kinetics of Na storage in the In4SnS8@Gr electrode,
CV measurements were conducted at different scan rates (Figure 4.14a). Normally, the
current intensity i at a given potential for a given sweep rate v can be fitted by the following
equations:
i=avb

(4.1)

log 𝑖 = log 𝑎 + 𝑏 log 𝑣

(4.2)

Where a and b are parameters. For the active material, the variable (b) has two distinct values:
0.5 and 1. Generally, a value of 0.5 corresponds to a diffusion-controlled Faradaic storage
process, while a value of 1 represents a surface-mediated capacitive charge storage
mechanism. The latter one usually indicates that the energy storage is dominated by a
capacitance process, contributing to superior high-rate performance. Figure 4.14b shows
log(i) versus log(v) plots at the two obvious redox peaks A and B, respectively. The
calculated b values for these two peaks are 0.96 (peak A) and 0.91 (peak B), demonstrating
that sodium ion storage in the In4SnS8@Gr electrode is dominated by the capacitivecontrolled behavior, thus enabling excellent high-rate performance. Furthermore, the capacity
contributed by the capacitive behaviour can be further calculated by the following Equation
(4.3).
i(V) = k1v+k2v1/2

(4.3)

where k1v represents the pseudocapacitive contribution, while k2v1/2 corresponds to the
diffusion-dominated contribution. As shown in Figure 4.14c, the fraction for the
pseudocapacitive contribution rises to 84% as the scan rate increases to 2 mV s-1, indicating
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that the amount of pseudocapacitive charge-storage occupies great majority of the whole
capacity at high scan rates, which is responsible for the high-rate performance and the good
cycling stability of the In4SnS8@Gr electrode.

Figure 4.14 (a) CV curves of In4SnS8@Gr electrode at various scan rates from 0.3 to 2.0 mV
s−1. (b) Linear plot of the relationship between log(Ip) and log(v) for both the anodic and
cathodic scans of the In4SnS8@Gr electrode. (c) Capacitive contribution (red area) and
diffusion contribution (grey area) for working current obtained at a scan rate of 2.0 mV s−1. (d)
Normalized contribution ratio of capacitive capacities at different scan rates.
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Electrochemical impedance spectroscopy (EIS) analysis was conducted to investigate the
kinetic differences between the In4SnS8@Gr and the In4SnS8 electrodes. As can be seen from
Figure 4.15, the semicircle diameter for the In4SnS8@Gr electrode is smaller than that for the
pure In4SnS8 electrode, suggesting enhanced electron/sodium-ion transfer dynamics after the
formation of the 2D heterostructures. The significantly lowered charge-transfer impedance
can boost the sodium storage kinetics and improve its high-rate performance for the
In4SnS8@Gr.

Figure 4.15 Nyquist plots of In4SnS8 and In4SnS8@Gr electrodes after cycling, with the inset
equivalent circuit.
Moreover, the morphology of the cycled In4SnS8@Gr electrode was examined by ex-situ
TEM as shown in Figure 4.16. The sheet structure was still preserved to some extent after
cycling at a current density of 5.0 A g-1 for 200 times, further illustrating the good structural
stability of the synthesized 2D In4SnS8@Gr heterostructured nanosheets.
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Figure 4.16 TEM images of the In4SnS8@Gr electrode after 200 cycles at 5.0 A g-1.

In operando synchrotron SXRPD was applied to investigate the phase evolution of In4SnS8
during charge and discharge processes (Figure 4.17). Peaks located at 2θ= 6.31o, 12.48o,
14.81o and 20.77o were observed, which correspond to the crystal planes of (111), (311),
(400), and (440). During the discharge process, these signals decreased gradually until they
were unrecognizable. In the meantime, we did not observe any new signals, which may be
caused by electrode pulverization during cycling. During following charge progress, the
strongest peak at 2θ= 12.48o was restored as a broad peak, indicating that In4SnS8 was
recovered. The results match well with the CVs.
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Figure 4.17 In operando synchrotron SXRPD patterns of the In4SnS8 and contour plots of the
operando synchrotron SXRPD data of In4SnS8 for selected angle (a) 5-5.5o, (b) 11-15o, and (c)
20-22o.

Figure 4.18 (a) CV curves of graphene electrode. (b) Long-term cycling performance of
graphene electrode.
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4.4 Conclusions
In summary, novel 2D In4SnS8@Gr heterostructured nanosheets were synthesized through a
facile and controllable hydrothermal and freeze-drying strategy.

The well-constructed

ultrathin In4SnS8@Gr heterostructured nanosheet were evaluated as anode material for SIBs
for the first time and exhibited outstanding electrochemical performance, in terms of high
reversible capacity, superior cycling stability and excellent high-rate capability. They
delivered a reversible capacity of 1022 mA h g-1 at a current density of 100 mA g-1 and
retained a reversible capacity of 460 mA h g-1 at 20 A g-1. Electrochemical kinetics analysis
further revealed the capacitive-controlled mechanism for sodium ions storage in the
In4SnS8@Gr electrode, thus greatly promoting sodium ions intercalation/de-intercalation
processes. This outstanding performance indicates the great potential of the In4SnS8@Gr as a
high-performance anode material for SIBs.
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Chapter 5. Rationally-designed Germanium Nanosheets Coupled
with Graphene Hetero-structure for Superior Lithium Storage

5.1 Introduction
Lithium-ion batteries (LIBs) are the leading energy storage devices, most prevalent in
portable electronics and electric vehicles (EVs).1-3 Currently used graphite anode has a
comparatively low theoretical capacity of 372 mA h g-1, which is incapable of meeting future
requirements.4-7 Developing new anode materials with high reversible capacity and rate
capability for next generation LIBs is a highly urgent yet challenging task. Studies have
shown that elements (silicon, germanium, and tin) from group IV, which can deliver high
reversible capacity through alloying reactions with lithium, have great potential.8-10 Among
them, germanium is of particular interest due to its high volumetric capacity, comparable to
silicon (7366 versus 8334 Ah cm-3), high electrical conductivity (about 100 time faster than
Si), and outstanding Li+ ion diffusivity (400 times higher than Si).11-13 Although Ge-based
materials generally deliver high specific capacity, their rate capability and cycling stability,
unfortunately, are too poor for practical use. To date, many Ge anode materials have been
reported with different morphologies, including quantum dots, nanoparticles, nanowires,
nano-tubes with/without carbon coating.14-20
Fundamental research over the past several decades has indicated that the poor rate
performance and cycling stability of group IV elements are predominantly due to the sluggish
kinetics of electrochemical reactions and the large volume variations during charging and
discharging.21-22 Hence, from the perspective of material design, the issue regarding how to
promote ion/electron transfer in materials and accommodate the volume changes is a critical
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one. Published results have demonstrated that nanostructured materials show considerably
better electrochemical performance than their bulk counterparts.23-25 In particularly, nanomaterials with two-dimensional structure have attracted enormous attention due to their larger
surface area, shorter ion/electron diffusion paths, more abundant electrochemical reaction
sites, and better volume accommodation.26-27 Carbon coating has been proven as another
useful strategy to improve electrochemical performance, owing to the good electrical
conductivity, electrochemical inertness, and structural stiffness of carbon materials.28 The
existence of a carbon layer not only suppresses the volume change and avoids aggregation,
but is also involved in the formation of a stable solid electrolyte interface (SEI). In addition,
constructing a two-dimensional (2D) hetero-structured architecture can further promote the
electrochemical performance by exploiting the advantages of each individual 2D component
and benefit from their rich hetero-interfaces.29 It should be noted that one hypothesis
discussed in this paper is that 2D Ge nanosheets (GeNSs) coupled with graphene would
address the issues mentioned above for Ge anode. After going through the literature, it was
found that two-dimensional germanium anode has not been reported as yet, arguably due to a
lack of synthetic techniques. Herein, a practical route is presented to synthesize germanium
anode with 2D structure through rational design. Ionicallly bonded layered CaGe2 was
topochemically transformed to layered germanium hydride (germanane, GeH) with van der
Waals bonding through acid etching. The resultant germanane was exfoliated in toluene via
the liquid exfoliation method with the assistance of ultrasonication. To avoid being oxidized
and restacked, the exfoliated germanane was subsequently functionalized with organic
molecules. The functionalized germanane was made into a composite with graphene in Nmethyl-2-pyrrolidone (NMP) solution through a self-assembly process. The germanium
nanosheets@graphene (Ge NSs@Gr) could be obtained after evaporating the solvent and a
subsequent thermal treatment in argon. The fabricated Ge NSs@Gr was evaluated as anode

110

material for LIBs. At a low current density of 320 mA g-1, the composite delivered a
reversible capacity of 1220 mA h g-1. The rate capability of Ge NSs@Gr was evaluated at
current densities of 320, 800, 1600, 3200, 8000, 16000, 32000, and 64000 mA g-1, giving a
reversible capacity of 1160, 1060,922, 805, 676, 473,322, and 193 mA h g-1, respectively.
The composite was subjected to long term cycling stability testing at an ultrahigh current
density of 16000 mA g-1, giving a reversible capacity of 456 mA h g-1. Even after cycling for
5000 times, a capacity of 316 mA h g-1 was still preserved, giving capacity retention of 69%.
This superior rate performance and long-term cycling stability demonstrate that our Ge
NSs@Gr is a promising anode candidate for LIBs.

5.2 Experiments
Synthesis of CaGe2: In a typical procedure, calcium (1 eq.) and germanium (2 eq.) were
mixed and loaded into a quartz tube in an argon-filled glove box. The tube was evacuated and
subsequently sealed by using an acetylene-oxygen torch. The sample was heated to 1050 ℃
at 5 ℃ min-1 in a horizontal furnace. After holding at 1050 ℃ for 20 hours, the sample was
cooled to room temperature over 3days. The sample was collected and stored in the argonfilled glove box.
Deintercalation of CaGe2 to prepare GeH: 100 mL concentrated hydrogen chloride solution
was loaded into a standard Schlenk flask under flowing nitrogen gas. The HCl was precooled
with liquid nitrogen before 2.0g of CaGe2 was added. The flask was sealed and placed in a 20 ℃ freezer for 7 days. The mixture was decanted and the resulting solid was washed with
dry acetone and diethyl ether for several times in a nitrogen-filled glove bag. The final shiny
metallic flakes were dried on a vacuum line and subsequently transferred to an argon-filled
glove box.
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Exfoliation and functionalization of GeH: In a typical procedure, 100 mL degassed toluene,
100 mg GeH, 10 mL 1-octadecene, and 0.5 g azobisisobutyronitrile (AIBN) were loaded into
a standard Schlenk flask with a magnetic stir bar in an argon-filled glove box. The mixture
was subsequently ultrasonicated for 4 hours in a bath sonicator to exfoliate GeH. The
resulting dark red dispersion was heated in an oil bath at 70 ℃ overnight. The supernatant
was pipetted out to remove sediments. The functionalized GeH was precipitated out with
addition of methanol. The precipitates were collected by centrifugation and subsequently
washed several times with diethyl ether and dried on a vacuum line.
Fabrication of Ge NSs@Gr composites: In a typical procedure, 20 mg graphene and 100 mg
functionalized GeH were dispersed in anhydrous N-methyl-2-pyrrolidone (NMP) with
ultrasonication. The NMP was evaporated at 120 ℃ under flowing argon gas. The resultant
solid was heated to 600 ℃ at 5 ℃ min-1 for 2 hours in a tube furnace under argon atmosphere.
5.2.1 Characterization
The crystal structure was characterized by X-ray diffraction (XRD, MMA GBC) with Cu Kα
radiation at a scanning rate of 1o /min. The morphologies were characterized by field
emission scanning electron microscopy (FESEM; JEOL-7500). The details of the crystal
structure and energy dispersive X-ray spectroscopy (EDX) mapping were further investigated
by scanning transmission electron microscopy and transmission electron microscopy (STEM
and TEM, JOEL JEM-ARM200F) under 200 kV. X-ray photoelectron spectroscopy (XPS)
was conducted on a VG Multilab 2000. All the binding energies were referenced to the C 1s
peak at 284.8 eV of the surface adventitious carbon. Fourier-transform infrared spectroscopy
(FTIR) and thermogravimetric analysis (TGA) were conducted on a Perkin Elmer IR and
TGA instrument, respectively. Raman was performed with a Jobin-Yvon HR800 Raman
spectrometer.
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5.2.2 Electrochemical measurements
CR2032 coin type cells were assembled in an argon-filled glove box for electrochemical
evaluation. The working electrodes were fabricated by blending the active materials,
conductive carbon (Super P) and binder (sodium carboxymethyl cellulose) in a weight ratio
of 8:1:1 in water. The resulting slurry was coated on copper foil with an auto-film machine.
The electrode was dried in a vacuum oven at 80 ℃ for 12 hours, cut into round discs 10 mm
in diameter, and then pressed at 300 kg cm-2. The mass loading on the individual discs was
around 1.2 mg·cm-2. Electrochemical measurements were carried out using two-electrode
coin cells with lithium metal as the counter and reference electrode and Celgard
polypropylene separator. 1M LiPF6 in ethylene carbonate/diethyl carbonate (1/1; v/v) was
used as electrolyte. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were performed on a VMP-3 electrochemical workstation at a scan rate of 0.1 mV s-1.
The cells were galvanostatically charged/discharged in the voltage range of 0.01–2.5 V
versus Li/Li+ with different current densities on a NEWARE battery tester.

5.3 Results and Discussion
The CaGe2 was synthesized by fusing corresponding elements directly according to a
reported method.30 The as-synthesized CaGe2 was characterized by powder X-ray diffraction
(XRD), as shown in Figure 5.1a. The obtained diffraction pattern can be indexed to standard
hexagonal CaGe2 (PDF # 13-0299) with minor Ge impurities. The ionically bonded layered
CaGe2 was topochemically transformed into layered germanane (GeH) with van der Waals
bonding through acid etching. The resultant germanium hydride (germanane) was a layered
material with weak van der Waals bonding between each layer, which can be exfoliated by an
external force.
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Figure 5.1 XRD patterns of (a) CaGe2 and (b) GeH.

The GeH was characterized with powder X-ray diffraction, Fourier-transform infrared
spectroscopy (FTIR), and Raman spectroscopy. The X-ray diffraction pattern of GeH can be
indexed to a 2H unit cell with a=3.880 Å and c=11.04 Å (Figure 5.1b). The crystal plane
(002) located at 2θ=15.4o, which means that the GeH has an interlayer distance of 0.57 nm.
Compared to the Ge networks in CaGe2, the GeH is slightly contracted along the a-direction
and expanded in the c–direction.30 The hydrogen termination on Ge NSs can be confirmed by
FTIR as shown in Figure 5.2. A strong Ge-H stretching band located at ~2001 cm-1 can be
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clearly seen in the FTIR spectrum. Apart from the characteristic band of the GeH, peaks
located at ~1600 cm-1 and 1088 cm-1 were also observed, which can be ascribed to vibrations
of Ca-Cl and Ge-O. The presence of Ca-Cl indicates that the trace amount of CaCl2 was
trapped in the GeH layers. The Raman spectrum of GeH shows two peaks located at 226 and
302 cm-1, which belong to the A1 and E2 Raman vibration modes (Figure 5.5).

Figure 5.2 FTIR spectrum of the GeH and 1-octadecene functionalized GeH.

Successful exfoliation of GeH was achieved through the liquid exfoliation method with the
assistance of ultrasonication. To avoid being oxidized and restacked, the as-exfoliated GeH
sheets were functionalized in situ with 1-octadecene (C18) through radical polymerization,
using azobis(isobutyronitrile) (AIBN) as an initiator. The successful functionalization was
verified by FTIR, as shown in Figure 5.2. The bands located at around 2900 and 1090 cm-1
were derived from the organic moiety. The absorption band at 780 cm-1 can be ascribed to the
vibrations of the Ge-C bonds. The signal of the characteristic Ge-H bonds at 2001 cm-1 ,
however, indicating the exfoliated GeH NSs, was partially masked with organic molecules.
Transmission electron microscopy (TEM) was applied to investigate the morphology and
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quality of exfoliation of the the functionalized GeH nanosheets (f-GeH NSs), as shown in
Figure 5.3. A sheets-like morphology could be visually confirmed from the TEM images.
The exfoliated f-GeH NSs had a lateral size of few micrometers and were aggregated into
loose stacks due to their high surface energy (Figure 5.3a). Meanwhile, the f-GeH NSs
exhibited folds marked with arrows, indicating the flexible nature of the sheets (Figure 5.3 a,
b, and c). The high-resolution TEM image showed the lack of ordered structure in the f-GeH
NSs, which means that the crystalline GeH was amorphized during functionalization at high
temperature (Figure 5.3d). The lack of an electron diffraction pattern further confirmed the
amorphous structure of f-GeH NSs, as shown in the Figure 5.3d inset. The amorphization of
GeH is believed to have been induced by temperature.31

Figure 5.3 TEM images of exfoliated f-GeH NSs at different magnifications. The inset to (d)
shows the electron diffraction pattern.

The Ge NSs@Gr composite was successfully prepared through a self-assembly process
followed by thermal annealing. During thermal treatment in an argon atmosphere, the organic
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moieties and hydrogen on the Ge sheets were removed. Cubic Ge sheets were formed, as
verified by X-ray diffraction, through cross-coupling reactions between adjacent layers
(Figure 5.4). All diffraction peaks can be well indexed to standard cubic Ge (PDF # 04-0545)
indicating high purity of the as-prepared Ge NSs@Gr sample. Further evidence can be seen
from the Raman spectrum as shown in Figure 5.5. The characteristic peak of germanium
located at 302 cm-1 was detected for Ge NSs@Gr composite along with two peaks at 1325
and 1595 cm-1, which belong to D and G bands of graphene.

Figure 5.4 XRD pattern of the Ge NSs@Gr composite.
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Figure 5.5 Raman spectrum of the Ge NSs@Gr composite, along with those of GeH and pure
Ge.
The chemical composition and surface electronic states of the Ge NSs@Gr were
characterized by X-ray photoelectron spectroscopy (XPS). The survey spectrum shows
characteristic peaks of Ge 3s, 3p, 3d, and the LMM transition, together with peaks for C 1s
and O 1s (Figure 5.6). The high-resolution spectrum of Ge can be fitted into two peaks,
which are located at 29.4 and 30.6 eV, as shown in Figure 5.6b. The larger signal at 29.4 eV
can be attributed to Ge0, while the presence of the peak at 30.6 eV, which is smaller than the
value for Ge+2, suggests trace oxidation on the Ge NSs surface.32 This phenomenon is usually
observed on Ge due to its oxygen sensitivity. The high-resolution spectrum of carbon can be
deconvolved into four peaks, indicating different oxygen-containing functional groups
(shown in Figure 5.6c). The peak located at 284.6 eV is derived from non-oxygenated sp2
carbon, while signals at 285.7, 286.5, and 289.0 eV can be attributed to C-O, C=O, and OC=O respectively.33-34
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Figure 5.6 XPS spectra of the Ge NSs@Gr composite (a) Survey spectrum. (b) Highresolution spectrum of germanium. (c) High-resolution spectrum of carbon.
Both germanium and graphene contribute to the capacity, and hence, it is necessary to decide
the composition of the Ge NSs@Gr sample. In order to determine figure out the mass ratios
of germanium and graphene in the composite, the Ge NSs@Gr was heated up to 800 ℃ in air
within a TGA instrument, as shown in Figure 5.7. During ramping, the graphene and
germanium were gradually oxidized into carbon oxides and germanium oxides. The carbon
oxides were carried away by flowing air, leaving germanium oxides in the weighing pan. The
weight of pure Ge NSs began to increase from 500 ℃ and showed a 20 wt% increment when
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the temperature reached 800 ℃. Compared to pure Ge NSs, the TGA curve of Ge NSs@Gr is
more complicated due to the competition of carbon loss and oxygen addition. The Ge
NSs@Gr showed an overall 6 wt% weight loss when the temperature reached 800 ℃. Thus,
the content of graphene and germanium could be calculated to be 22 wt% and 78 wt%
respectively. The results demonstrate that the lithium storage of the germanium in the
composite almost reached its theoretical value; in other words, the germanium was fully
utilized during the electrochemical reactions.

Figure 5.7 TGA curves of pure gemaniun and Ge NSs@Gr composite heated from 50 to 800 ℃
in air.
The morphology of the Ge NSs@Gr composite was examined with a scanning eletron
microscope (SEM), as shown in Figure 5.8. The Ge NSs and graphene sheets were well
assembled, as shown in Figure 5.8a. The graphene sheets in the composite not only work as
conductive networks, but also as perfect physical isolation layers which can prevent
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aggregation of germanium during lithiation and delithiation. Also, voids can be seen in the
assembled composite which offer buffer space during electrochemical reactions.

Figure 5.8 SEM images of the Ge NSs@Gr composite.

Both germanium and graphene have a sheet-like morphology, which can be undoubtedly
confirmed through the TEM image shown in Figure 5.9a. The Ge NSs with size of a few
hundred nanometers are randomly spread on graphene sheets. The lattice spacing of the Ge
NSs is about 0.2 nm, as revealed by high-resolution (HR) TEM image, which corresponds to
the (220) planes of cubic germanium, as shown in Figure 5.9b. Element mapping images of
the Ge NSs@Gr composite clearly show carbon and germanium, which match well with the
parent image (Figure 5.9 c-e).
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Figure 5.9 (a) TEM image. (b) HR-TEM image. (c-e) Corresponding EDX elemental
mapping images of the Ge NSs@Gr composite.
The electrochemical lithiation/delithiation behavior of Ge NSs@Gr was characterized by
cyclic voltammetry (CV) between 0.01 – 2.5 V at a scan rate of 0.1 mV s-1 (Figure 5.11a).
During the first cathodic scan, the first peak appeared at 1.4 V, which can be reasonably
ascribed to the adsorption and intercalation of Li+ on the interfaces within Ge NSs@Gr. The
following peaks located at 0.67, 0.46, 0.25, and 0.025 V can be attributed to the alloying
reactions between Li and Ge, accompanied with the formation of irreversible solid-electrolyte
interphase (SEI). The multi-ple signals appearing at different voltages indicates that the
alloying reactions involved several steps, which agrees well with reported results.35 Two
anodic peaks shown at 0.52 and 1.06 V can be interpreted as delithiation reactions. The CV
curves of following 2nd, 3rd, and 4th cycles almost overlapped, which demonstrates the
excellent lithiation/delithiation reversibility of the Ge NSs@Gr.
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Figure 5.10 Electron energy loss (EELS) spectrum of the Ge NSs@Gr composite.

The electrochemical performance of Ge NSs@Gr was assessed through galvanostatic
discharge-charge measurements as an anode material for LIBs, as shown in Figure 5.11b.
The Ge NSs@Gr delivered a discharge capacity of 1972 mA h g-1 and charge capacity of
1380 mA h g-1 during the first cycle at a current density of 320 mA g-1, giving an initial
Coulombic efficiency of 70%. The 600 mA h g-1 capacity loss mainly resulted from the
formation of irreversible SEI. After 50 cycles, the capacity was still 1260 mA h g-1 with
capacity retention of 91% (Figure 5.11c). The results demonstrated the good cycling stability
of the Ge NSs@Gr electrode. The 2D structured germanium nanosheets supported on
graphene can significantly boost electron/ion transfer and effectively accommodate the
volume changes of the germanium, consequently, resulting in high reversible capacity and
good cycling stability for lithium-ion storage.
The rate capability of the Ge NSs@Gr was evaluated at various current densities from 320
mA g-1 to 40 mA g-1, as shown in Figure 5.11d. The Ge NSs@Gr electrode delivered
discharge capacity of 1200, 1060, 920, 806, 677, 482, 320, and 195 mA h g-1 at the current
123

densities of 320, 800, 1600, 3200, 8000, 16000, 32000, and 64000 mA g-1, respectively. Of
note, except for the first few cycles, the capacities at all current densities are very stable. In
particular, the capacity can fully rebound to 1100 mA h g-1 with cycling for another 50 times
without apparent capacity loss when the current density is abruptly returned from 64000 mA
g-1 to 320 mA g-1. These results demonstrate the excellent electrochemical reversibility of the
Ge NSs@Gr electrode. The long term cycling stability of the Ge NSs@Gr electrode was
tested at a current density of 16000 mA g-1, as shown in Figure 5.11e. After activation at a
current density of 320 mA g-1 for 5 cycles, the Ge NSs@Gr electrode delivered a capacity of
460 mA h g-1 and retained 450 mA h g-1 at the 200th cycle with capacity retention of 97.8%.
Surprisingly, even when the cycle number was extended to 5000, the capacity was still
maintained at 310 mA h g-1, giving capacity retention of 67.4%.
To further demonstrate the superior electrochemical performance of the Ge NSs@Gr,
reference electrodes fabricated from commercial Ge bulk particles were also tested (Figure
5.12). The cycling stability of the Ge bulk electrode was evaluated at a current density of 800
mA g-1, after activating at 320 mA g-1 for 5 cycles, and it delivered ~ 1000 mA h g-1. The
capacity decreased rapidly, however, as shown in Figure 5.12a. When the current density
increased from 320 mA g-1 to 3200 mA g-1, the capacity dropped from ~ 1100 mA h g-1 to ~
100 mA h g-1, as shown in Figure 5.12b. Obviously, the Ge NSs@Gr showed much better
cycling stability and rate capability compared with bulk Ge.
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Figure 5.11 Electrochemical performance of the Ge NSs@Gr electrode (a) Cyclic
voltammograms for the first, second, third and fourth cycles of the Ge NSs@Gr electrode at a
scanning rate of 0.1 mV s-1. (b) Galvanostatic discharge-charge profiles for selected cycles of
the Ge NSs@Gr electrode. (c) Cycling performance of the Ge NSs@Gr electrode at 320 mA
g-1. ((d) Rate capabilities at different current densities. (e) Long-term cycling performance of
the Ge NSs@Gr at 16000 mA g-1 and the corresponding Coulombic efficiency.
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Figure 5.12 Long-term cycling performance of the bulk Ge electrode at (a) 800 mA g-1 and
(b) 3200 mA g-1.

The kinetics of the Ge NSs@Gr and bulk Ge electrodes were evaluated with electrochemical
impedance spectroscopy (EIS). As shown in Figure 5.13, the diameter of the semicircle at
high frequency for the Ge NSs@Gr electrode is much smaller than for bulk Ge, indicating
improved Li+ and electron transfer dynamics. The significantly lower electron/mass transfer
impedance can boost the lithium storage kinetics and thus promote its rate capability. To
further investigate the superior stability of the Ge NSs@Gr electrode under high current
density charging and discharging, the morphologies of the cycled electrode at a current
density of 10 C was examined with ex-situ SEM, as shown in Figure 5.14. No cracks were
observed in the SEM image even after cycling for 5000 times, demonstrating the excellent
structural stability of the Ge NSs@Gr. Clearly, the outstanding electrochemical performance
of the Ge NSs@Gr can be ascribed to the unique coupled 2D hetero-structures. The
integrated 2D hetero-structures offer many advantages, including shorter diffusion paths for
ions/electrons, better volume accommodation during Li+ insertion/extraction, and enhanced
electrical conductivity.

126

Figure 5.13. Nyquist plots of the Ge NSs@Gr and bulk Ge electrodes after cycling.

Figure 5.14. SEM image of the cycled Ge@Gr electrode.

5.4 Conclusion
In summary, we have developed a practical strategy to fabricate 2D Ge NSs@Gr heterostructures for the first time based on rational design. Firstly, ionically bonded CaGe2 was
topochemically transformed into layered GeH with van der Waals bonding through
deintercalation of Ca2+ in concentrated hydrogen chloride solution. The layered GeH was
127

exfoliated in an organic solvent with the assistance of ultrasonication and subsequently
functionalized with 1-octadecene through AIBN initialized free radical polymerization. The
GeH functionalized with organic molecules was made into a composite with graphene in
solution via a self-assembly process. The final Ge NSs@Gr heterostructures were obtained
after thermal dehydrogenation and removal of the organic moiety in argon. The as-prepared
Ge NSs@Gr exhibited high reversible capacity, superior rate capability, and excellent cycling
stability when evaluated as anode material for LIBs. It delivered a reversible capacity of 1380
mA h g-1 at a current density of 320 mA g-1 with 195 mA h g-1 still preserved when the
current density was increased up to 64000 mA g-1. Also, the Ge NSs@Gr electrode showed
only minor capacity fading, even after being cycled for 5000 times at the high current density
of 16000 mA g-1. This work may pave the way to the exploration of other applications of 2D
Ge-based materials.
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Chapter 6. Synthesis and Structural Characterization of Twodimensional Boron Hydride Sheets Prepared Through
Topochemical Deintercalation of Mg2+ Cations from MgB2

6.1 Introduction
Triggered by the extraordinary properties discovered in graphene, graphene analogue twodimensional (2D) materials have attracted enormous attention from researchers all over the
world.1-4 During the past few decades, many new 2D materials have been introduced into the
graphene analogue family including black phosphorene, silicene, germanene, hBN (h =
hexagonal), and transition metal dichalcogenides (TMD).5-9 Boron, located between metals
and non-metals in the periodic table, has three valence electrons which so that it cannot reach
a full octet of electrons with covalent bonding.10 This inherent electron-deficiency feature
render boron to show a rich variety of bonding characteristics - from classic electron-precise
two-centre-two-electron (2c, 2e) bonds to non-classic multi-center-two-electron (3c, 2e)
bonds.11 The existence of multi-centre bonding in boron makes the fabrication of 2D boron
materials highly challenging. Early work was focused on boron doping into the graphene-like
π-electron systems for the applications of involving luminescent materials, solar cells,
semiconductors, and anode materials in alkaline ion batteries.12-15 Full boron 2D sheets have
been predicted in theory, but were never been experimentally realized until 2015 by the
groups of Oganov, Hersam, and Guisinger.16-18 They successfully prepared mono-layer boron
sheets which they called as borophene on a silver (111) substrate under ultrahigh vacuum
conditions. The as-synthesized borophene has a corrugated structure rather than being flat,
which does not match any previously predicted structures. It should be noted that the
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borophene prepared on a silver surface cannot be transferred due to its instability and
chemically active surface, which hampered its further characterization and future application.
Hydrogenation was proposed to stabilize the 2D boron sheets.19 The hydrogen atom can share
its single electron with boron, which can compensate the electron-deficiency of boron. The
resulting B-H unit is isoelectronic with carbon, and thus, the 2D boron hydride (borophane)
sheets are isoelectronic with graphene. Such 2D boron hydride sheets are anticipated to have
high stability, intriguing electronic property, and novel physical and chemical properties
making them potentially useful as electronic or energy storage materials.20-22 Inspired by this,
developing a practical method to synthesize 2D boron hydride sheets is of great interest.
The synthetic methods for currently developed 2D materials can be classified into two
categories: top-down and bottom-up strategies. Numerous 2D materials have been fabricated
through a top-down or bottom-up method.23 When it comes to 2D boron materials, however,
examples are scarce, partly due to the toxic and costly precursors that are typically used in a
bottom-up method and the lack of layered bulk boron crystals that could be exfoliated
through a top-down approach. Recently, magnesium boride (MgB2), which was intensively
studied as a superconductor, has re-attracted attention because of its compelling structure.24-25
The structure of magnesium boride consists of alternating covalently bonded boron
hexagonal sheets with Mg cations sandwiched in between. 2D borophene or boron hydride
sheets may be acquired by removal of the Mg cations from magnesium boride without
destroying the inherent boron network. The key factor for a successful exfoliation is to
topochemically transform the ionically bonded layers between Mg cation and boron sheets
into van der Waals layered materials. Recently, 2D silicon hydride (silicane) and germanium
hydride (germanane) were successfully prepared through deintercalation of cations from
calcium silicide (CaSi2) and calcium germanide (CaGe2) in concentrated hydrogen chloride
solution.26-27 As a counterpart of Si diagonal relationship in the periodic table, B has similar
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chemical properties to Si. Thus, we speculate that 2D boron hydride sheets may be obtained
through deintercalation of Mg from magnesium boride. Previous studies led by Kabeer and
Takahiro’s group discovered that direct exfoliation of magnesium boride in water with or
without the assistance of sonication only produced Mg-deficient hydroxyl-functionalized
boron sheets rather than 2D boron hydride sheets.28-30 Later in Takahiro’s group, they
prepared 2D hydrogen boride sheets through an ion-exchange method in a non-aqueous
system,31 although the yield of this method was relatively low (~42%), and the structure of
the hydrogen boride sheets was also not fully understood. Herein, we report a novel method
to prepare 2D boron hydride sheets by using hydrogen chloride as an etching reagent in an
organic solvent. The reaction mechanism was investigated and the resultant 2D boron hydride
sheets were characterized by multiple-techniques. Also, the 2D boron hydride sheets were
evaluated as anode material for the lithium-ion battery for the first time. This work will shed
light on future research on 2D boron hydride materials.

6.2 Experimental procedure
6.2.1 Materials synthesis
Hydrogen chloride, isopropanol, or acetonitrile solution: All glassware was dried and purged
with argon or nitrogen gas. To a 100 mL round bottom flask, 24 g sodium chloride was
loaded, followed by dropping in 25 mL concentrated sulphuric acid. The as-generated
hydrogen chloride gas was bubbled into 100 mL isopropanol or acetonitrile solution to obtain
a solution of hydrogen chloride in isopropanol or acetonitrile solution.
Preparation of 2D boron hydride sheets: To 100 mL hydrogen chloride isopropanol solution,
1.0 g magnesium boride was added. The mixture was magnetically stirred at 60 ℃ for 5 days.
The sediments were collected through centrifugation, the gaseous products were collected
with a balloon, and the supernatant was dried on a hotplate at 60 ℃ under flowing argon gas.
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After evaporating the solvent and volatiles, a light yellow solid was obtained. The solid was
re-dissolved in anhydrous acetonitrile, and the insoluble white salts were removed through
filtration. The yellow suspension was heated at 60 ℃ under flowing argon gas to evaporate
the acetonitrile and obtained the 2D boron hydride sheets. The product was washed with
diethyl ether for several times, dried on a vacuum line and stored in an argon-filled glove box.
Preparation of 2D boron hydride sheet pyridine complex (BHs-Py): To 100 mL hydrogen
chloride isopropanol solution, 1.0 g magnesium boride was added. The mixture was
magnetically stirred at 60 ℃ for 5 days. The sediments were removed through centrifugation,
and the supernatant was dried on a hotplate at 60 ℃ under a flow of argon gas. After
evaporating the solvent and volatiles, light yellow solid was obtained. The solid was redissolved in isopropanol, and yellow precipitates was immediately when 5 mL anhydrous
pyridine was dropped in. The yellow precipitates were collected via centrifugation, and
washed several times with isopropanol and anhydrous diethyl ether. After drying on a
vacuum line, the BHs-Py was stored in the argon-filled glove box.
6.2.2 Characterization
The crystal structure of the as-prepared materials was characterized by X-ray diffraction
(XRD, MMA GBC) with Cu Kα radiation at a scanning rate of 1o /min. The morphology was
characterized by field emission scanning electron microscopy (FESEM; JEOL-7500). The
details of the crystal structure and electron energy loss spectrum (EELS) mapping were
further checked by scanning transmission electron microscopy and transmission electron
microscopy (STEM and TEM, JOEL JEM-ARM200F) under 200 kV. X-ray photoelectron
spectral (XPS) was conducted on a VG Multilab 2000 at room temperature. All the binding
energies were referenced to the C 1s peak at 284.8 eV of the surface adventitious carbon.
Fourier-transform infrared spectroscopy (FTIR) was performed on a Perkin Elmer FTIR.
Thermogravimetric analysis (TGA) was recorded on a Pekin Elmer TGA 800. Raman spectra
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were recorded on a Jobin-Yvon HR800 Raman spectrometer. Gas chromatography-mass
spectroscopy (GC-MS) was performed on a Perkin Elmer GC-MS system equipped with
Clarus 590 GC and Clarus SQ 85 MS. Solid-state nuclear magnetic resonance was carried out
on a Bruker Avance Neo 500-MHz NMR Spectrometer.
6.2.3 Electrode fabrication
The electrochemical characterization of BH was aimed at evaluating it as an anode material
for lithium ion batteries (LIBs) with CR2032 coin type cells. The working electrodes were
fabricated by mixing BH, conductive carbon, (Super P), and polyvinylidene fluoride (PVDF)
binder in a mass ratio of 8:1:1 in anhydrous N-methyl-2-pyrrolidone (NMP). The resulting
slurry was coated on copper foil by using the doctor blade techniques, followed by dring on a
hotplate at 60 ℃ overnight. The electrode was cut into round discs 10 mm in diameter and
further dried on a vacuum line at 60℃ for another 10 hours. The mass loading on the
individual disc were around 1.2 ± 0.3 mg·cm-2. Electrochemical measurements were carried
out using two-electrode coin cells with lithium metal as the counter and reference electrode
and Celgard polypropylene separator. 1M LiPF6 in ethylene carbonate/diethyl carbonate (1/1;
v/v) was used as the electrolyte. The cells were galvanostatically charged/discharged in the
voltage range of 0.01–3.0 V versus Li/Li+ with different current densities on a NEWARE
battery tester.

6.3 Results and Discussion
The preparation procedure for the 2D boron hydride sheets (2D BHs, borophane, 2D
hydrogen boride sheets) is illustrated in Figure 6.1. The ionically bonded layered magnesium
boride (MgB2) was immersed in a hydrogen chloride solution in isopropanol (IPA) at 60 ℃
for 5 days. The Mg2+ cations were topochemical deintercalated from the crystalline MgB2 to
yield hydrogen-terminated boron sheets (BHs).
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Figure 6.1 Schemetic illustration of the deintercalation procedure.

During the reaction, the dark brown MgB2 gradually disappeared, accompanied by the
formation of colorless needle shaped crystals with a small amount of black precipitates. It
was noted that there was continuous gas evolution throughout the reaction and that the
colorless solution changed to bright yellow. The resultant yellow solution exhibited a strong
Tyndall effect, which suggests that a suspension was formed (shown in Figure 6.1). In order
to gain insight into the reaction mechanism, the solid, liquid, and gaseous products were
separated and characterized individually. The solid products were collected through
centrifugation, dried in an inert atmosphere at room temperature, and subsequently
characterized by X-ray diffraction (XRD). The obtained diffraction pattern can be well
indexed to the diffraction patterns of MgCl2·6H2O (PDF# 25-0515) and MgCl2·4IPA, as
shown in Figure 6.2.32-33 To determine the species of the gaseous products during the
deintercalation reaction, the as-generated gases were collected with a balloon and
subsequently analyzed with a gas chromatography-mass spectrometer (GC-MS), as shown in
Figure 6.3. After separating with the GC, the gas sample showed 5 distinctive peaks at
t=2.16, 2.34, 2.44, 2.48, and 2.9 min (as shown in Figure 6.3a). The MS results for the first
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peak at t=2.16 min showed mass to charge number ratio (m/z) values of 40, 32, 28, 18, 14,
and 4, which can be assigned to argon, oxygen, nitrogen, water, and helium (Figure 6.3b).
The relative intensities suggests that nitrogen and helium are the main components. The MS
of the second peak at t=2.33 min, as shown in Figure 6.3c, can be indexed to small molecules
of boron hydrides small.29 The MS results for the third peak at t=2.44 min (shown in Figure
6.3d) can be well indexed to isopropanol. The MS results for the 4th peak t=2.48 min can be
attributed to 2-chloropropane (Figure 6.3e). The MS results for the 5th peak at t= 2.9 min can
be indexed to diisopropyl ether (Figure 6.3f). These results suggest that the gaseous products
were isopropanol, 2-chloropropane, and diisopropyl ether. Thus, the mechanism of the
deintercalation reaction can be explained as shown in the equations below based on these
results:
(CH3)2CHOH + HCl
2(CH3)2CHOH

(CH3)2CHCl + H2O

(6.1)

(CH3)2CHOCH(CH3)2 + H2O

(6.2)

2MgB2 + 4H+ + 4Cl- + 6H2O + 4(CH3)2CHOH
MgCl2·4(CH3)2CHOH

4BHs + MgCl 2·6H2O +
(6.3)

We also tried this reaction in anhydrous acetonitrile under the same conditions, but after
stirring for five days, no product was obtained. The residual solid remained MgB2 , as
verified by X-ray diffraction. The insolubility of MgCl2 in acetonitrile prevents further
reaction between MgB2 and hydrogen chloride. We hypothesize that isopropanol can weaken
the interaction between Mg2+ cations and the boron network through coordination with Mg2+,
which is the key factor for successful deintercalation.
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Figure 6.2 XRD patterns of the residue solid after deintercalation.

The yellow solid BHs can be obtained through drying the centrifuged isopropanol suspension.
The chemistry of the as-prepared BHs was primarily investigated with water. When water
was added into the BHs suspension in isopropanol, gas evolution was observed, and the
suspension became transparent. This result indicates that the BHs are moisture sensitive and
need to be handled with care. The crystal structure of the as-prepared BHs was characterized
by X-ray diffraction, and the acquired diffraction pattern is shown in Figure 6.4. Only broad
diffraction peaks were observed, indicating that the BHs lack long-range order. The lack of
sharp diffraction peaks is occasionally observed even on crystalline 2D materials due to their
flexible nature. Also, the temperature could induce amorphization which was observed on
crystalline 2D germanane.34
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Figure 6.3 (a) GC spectrum of the gas sample collected during deintercalation reaction. Mass
spectrum for each signals: (b) t=2.16 min, (c) t=2.34 min, (d) t=2.44 min, (e) t=2.48 min, (f)
t=2.9 min.
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Figure 6.4 XRD pattern of the as-prepared BHs compared with that of MgB2.

To gain insight into the chemical structure of the BHs, Fourier-transform infrared
spectroscopy (FTIR), Raman spectroscopy, and solid-state nuclear magnetic resonance
(SSNMR) were employed. The FTIR spectrum of the BHs (Figure 6.5a) shows an intensive
absorption peak at 2493 cm-1, which can be attributed to the stretching mode of B-H bonds.3536

Also, the presence of bridged boron hydrogen bonds (B-H-B) was verified by the strong

absorption band at 1620 cm-1.31 The absorption band located at 1025 cm-1 is derived from the
stretching mode of B-B bonds. The absorption band at ~ 2900 cm-1, the characteristic
stretching band of C-H. The C-H bonds can be ascribed to isopropanol, which implies that
isopropanol may functionalize the boron edges and be adsorbed on the surfaces of the BHs.
Another two peaks are located at 1111 and 878 cm-1, which can be ascribed to B-O bonds,
further confirming the presence of isopropanol on BHs. A group of weak peaks located
between 1200 and 1400 cm-1 can be attributed to the C-O bonds. In comparison, the starting
material MgB2 shows no obvious infrared absorption from 500 to 4000 cm-1. The FTIR
spectrum of the BHs-Py (Figure 6.5b) complex shows a similar absorption pattern to the
BHs except for the disappearance of the signal at 878 cm-1, which indicates that the BHs have
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maintained their structure, with the pyridine substituted for the adsorbed molecules on BHs.
Raman spectroscopy is also very sensitive to B-H bond vibrations and has been used widely
to characterize boron hydride.37-38 The BHs were also characterized by Raman spectroscopy
as shown in Figure 6.6. Three distinctive peaks can be observed, located at 578, 745, and
2523 cm-1. The peaks at 578 and 745 cm-1 correspond to the B-H bending mode, while the
signal at 2523 cm-1 can be attributed to the B-H stretching mode. The Raman spectra of BHs
is different from those of boric acid or MgB2.

Figure 6.5 FTIR spectra of (a) BHs and (b) BHs-Py complex.
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Figure 6.6 Raman spectra of the BHs in comparison with the boric acid spectrum.

The chemical composition and electronic states of both the pristine MgB2 and BHs-Py were
characterized by X-ray photoelectron spectroscopy (XPS), as shown in Figures 6.7 and 6.8.
The survey spectrum of MgB2 shows signals of Mg 2p, Mg 2s, B 1s, Ar 2p, C1s, the Mg
KLLtransition, and O 1s (Figure 6.7a). The high-resolution spectrum of Mg 2p located at
50.8 eV can be indexed to positively charged Mg2+ (Figure 6.7b). The high resolution of B
1s spectrum shows two peaks located at 187.6 and 192.2 eV, which can be attributed to
negatively charged boron and boron oxides. repectively (Figure 6.7c).39 The survey spectrum
of BHs shows peaks of B 1s, Ar 2p, C 1s, N 1s, and O 1s (Figure 6.8a). No Mg was detected
in BHs-Py indicating that the Mg2+ cations were removed during the reaction (Figure 6.8b).
The high-resolution spectrum of B 1s shows a peak at 188.1 eV, which is higher than the one
for B 1s in MgB2 due to the replacement of Mg by hydrogen (Figure 6.8c). The peak can be
further deconvolved into two peaks located at 187.8 and 188.9 eV, indicating two different
species of boron in BHs sheets. The high-resolution spectrum of N 1s shows a weak peak
located at 401.5 eV, which is higher than that in pyridine (~400 eV) (Figure 6.8d). This is
because of the lone pair electrons of nitrogen that were donated to boron.
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Figure 6.7 XPS spectra of MgB2: (a) Survey spectrum. (b) High-resolution spectrum of Mg
2p. (c) High-resolution spectrum of B 1s.
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Figure 6.8 XPS spectra of BHs-Py: (a) Survey spectrum. (b) High-resolution spectrum of Mg
2p. (c) High-resolution spectrum of B 1s. (d) High-resolution spectrum of N 1s.
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Solid-state magic angle spinning nuclear magnetic resonance spectroscopy (SS MAS NMR)
is a powerful structural characterization technique, which can be used for both crystalline and
amorphous samples.40 The chemical structure of graphene oxide was successfully elucidated
with SSNMR.41-42 To further characterize the chemical environment of boron and proton in
the BHs, solid-state boron/proton nuclear magnetic resonance spectroscopy (11B/1H MAS
NMR) was applied (Figure 6.9). The

11

B MAS NMR spectrum of BHs shows two major

signals at δ= -40.5 and δ= -60.7 ppm, which correspond to the B-H-B and B-H bonds (Figure
6.9a). Three minor peaks located at δ= -32.3, -26.2, and -19.6 ppm were believed come from
edges of boron which were connected to one or two iPrO- group. These results matched with
the FTIR data. The 11B chemical shift of BHs-Py also shows two peaks, one located at 42.4
ppm and the other one located at 59.3 ppm. The solid-state 1H MAS NMR spectrum of BHs
shows two signals located at 4.25 and 2.94 ppm, as shown in Figure 6.9b, which further
verified that there were two kinds of protons in BHs. The signals at 24.2 and -16.2 ppm are
sidebands.

Figure 6.9 (a)Solid-state

11

B MAS NMR spectra of BHs and BHs-Py. (b) Solid-state 1H

MAS NMR spectrum of BHs.
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Scanning electron microscopy (SEM) was applied to characterize the morphology of the BHs.
A typical SEM image of the powder BHs was shown in Figure 6.10a, the surface of the BHs
solid exhibited stacked sheet-like structure similar to graphene oxide powder. Figure 6.10b
shows the morphology of BHs dispersed in solvent then dropped on lacey carbon. The sheetlike structure can be visually confirmed. The transparency of the sheet under the electron
beam indicatse the ultrathin nature of the BHs. It was noteworthy that the surface of the BHs
was charged during SEM examination, which may have resulted from the poor conductivity
of the BHs. Also, the BHs was unstable under high voltage during SEM characterization. For
the following characterization, pyridine was used to stabilize the BHs.

Figure 6.10 SEM images of (a) BHs solid on silicon wafer. (b) BHs suspension on lacey
carbon.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) were used to further examine the morphology and structure of BHs-Py, as shown in
Figure 6.11. The sheet-like structure can be visually confirmed from TEM images, as shown
in Figure 6.11a-c. The BHs, with lateral size of a few hundreds of nanometers showed strong
aggregation due to their high surface energy. The folds marked with a red arrow indicate the
flexible nature of the BHs sheets. A high-resolution TEM image of the BHs showed no
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ordered structure, which was confirmed by the selected area electron diffraction (SAED,
shown in Figure 6.11d inset) with no diffraction pattern.

Figure 6.11 (a-d) TEM and STEM images of the BHs-Py, with the inset of (d) showing the
corresponding SAED pattern.

Electron energy loss spectroscopy (EELS) was conducted during STEM characterization as
shown in Figure 6.12. Boron was confirmed to be the dominant element in the sample by the
EELS, together with a small amount of carbon, and traces of nitrogen and oxygen. The
carbon signal may have come from the lacey carbon. Two obvious signals can be observed at
190 eV and 198.2 eV in the boron energy region, which can be ascribed to EELS peaks
generated from the K-shell excitation from B 1s to σ* and B 1s to π*.31 The results indicate
that the boron in the BHs features a planar sp2 hybridization rather than sp3 hybridization.
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Figure 6.12 EELS spectrum of BHs-Py captured during STEM characterization.

Many published papers have predicted that 2D boron hydride sheets could be used as anode
material for LIBs, SIBs, and potassium ion batteries (KIBs), based on theoretical
calculations.43-44 Thus, we fabricated BHs-Py electrode and tested it as an anode for LIBs.
The electrode was first discharged at a current density of 100 mA g-1, but only ~ 40 mA h g-1
was recorded, as shown in Figure 6.13a. The rate capability of the BHs-Py electrode was
evaluated at different current densities from 100 mA g-1 to 20 A g-1, and the reversible
capacity dropped from ~ 40 mA h g-1 to ~ 10 mA h g-1 (as shown in Figure 6.13b). The
results indicated that the BHs have very low Li+ storage capability and are not suitable for
LIBs.
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Figure 6.13 Electrochemical properties of BHs-Py electrode: (a) Cycling performance of
BHs-Py electrode. (b) Rate capability of BHs-Py electrode at various current densities.

6.4 Conclusions
In summary, 2D boron hydride sheets (BHs) were successfully prepared through the
topochemical deintercalation of Mg2+ cations from magnesium boride. The deintercalation
mechanism was systematically studied. The as-prepared BHs are amorphous, which was
confirmed by X-ray diffraction and electron diffraction. The chemical structure of the BHs
was thoroughly measured with FTIR and, Raman spectroscopy, and solid-state 11B/1H MAS
NMR. The presence of B-H and bridged B-H-B bonds together with the sp2 bonding
configuration of boron indicated that the BHs has a hexagonal boron network with hydrogen
bonded to boron. The BHs has low Li+ storage capacity, which contradicts previous results
based on theoretical calculation. Although more work needs to be done, this work paves the
way for further research on boron-based two-dimensional materials.
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Chapter 7. Conclusions and Perspectives
7.1 General conclusions
In this doctoral dissertation, the brief history and future perspectives of lithium-ion batteries
were first introduced. Many new anode materials were discovered and developed over the last
decades. Although these new materials showed much higher capacity than currently used
graphite, however, many problems still exist when comes to practical application. 2D
structured materials have shown many advantages in LIBs and SIBs. The preparation
methods were also summarized in this work. Three different kinds of 2D materials including
ternary In4SnS8@Gr, Ge@Gr, and boron hydride were designed and prepared. Their physical
and chemical properties, as well as electrochemical performance, were investigated.
Firstly, the ternary In4SnS8@Gr hetero-structured composite was prepared through a facile
two-step approach. A facile hydrothermal method was applied to synthesize the In4SnS8
ultrathin sheets, followed by graphene integrating through a freeze-drying procedure. The asfabricated In4SnS8@Gr composite delivered high reversible sodium storage capacity and long
structure stability during electrochemical reactions. The outstanding electrochemical
performance can be attributed to the following features (1) the ternary composition and
unique structure of In4SnS8 will bring higher electrochemical activities derived from the
complex composition and synergistic effects of multiple metal species; (2) the ultrathin 2D
architecture could provide rich active sites and shorten the diffusion paths of electrons/ions,
thus accelerate electrochemical reactions; (3) The conformal integrated graphene can not only
enhance the electron conductivity but also keep the structural and electrical integrity during
charge and discharge. This work offers new strategies to design novel anode materials from
perspectives of building rich electrochemical reaction sites, boosting kinetics of
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electrochemical reactions, and constructing hetero-structure to accommodate volume
expansion.
Secondly, germanium anode generally delivers high specific capacity, however, practical
applications are still not realized due to its poor rate capability and long-term cycle stability
which were believed caused by large volume expansion during lithiation/delithiation. From
the view of achieving both high rate and better cycling performance, 2D germanium sheets
coupled with graphene was fabricated for the first time based on rational design. The ionic
bonded CaGe2 was topochemically transformed into van der Waals bonded layered
germanium hydride through acid etching. The weak van der Waals bonded germanium
hydride can be readily exfoliated into 2D nanosheets by liquid exfoliation method. Due to the
oxygen-sensitivity nature of the germanium nanosheets, in-situ functionalization was
employed. The final 2D Ge@Gr hetero-structure were obtained via a self-assembly process.
Multi techniques including X-ray, XPS, FTIR, Raman, SEM, and TEM, were used to
characterize the products from each step as well as the final composite. When evaluated as
anode materials for LIBs, the 2D Ge@Gr hybrid sheets exhibited excellent rate performance
and superior cycle stability. The electrochemical performance of the 2D Ge@Gr outperforms
most previously reported germanium anodes. Clearly, the outstanding electrochemical
performance of the Ge NSs@Gr can be ascribed to the unique coupled 2D hetero-structure.
The integrated 2D hetero-structure offer many advantages including shorter diffusion paths
for ions/electrons, better volume accommodation during Li+ insertion/extraction, and
enhanced electric conductivity. The practical strategy developed in this work will definitely
promote future research and application on germanium materials.
Thirdly, a 2D boron hydride sheets were prepared through topochemically deintercalation
Mg2+ cations from magnesium boride. Boron, located between metal and non-metal, is a
magic element. Its electron-deficiency nature render boron with structure diversity and
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complexity. 2D boron hydride sheets have been predicted based on theoretical calculation. In
this work, ionic bonded MgB2 was topochemically transformed into 2D boron hydride sheets
through acid etching. The resultant 2D boron hydride sheets were characterized with multi
techniques including X-ray, FTIR, Raman, solid-state
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B/1H MAS NMR, SEM, and TEM.

The amorphous structure of the 2D BHs was verified by X-ray diffraction and TEM electron
diffraction. Chemical structure of the 2D BHs was revealed Raman, FTIR, solid-state 11B/1H
MAS NMR, which proved the presence of B-B, B-H and bridged B-H-B bonds. 2D shape
morphology of the 2D BHs was confirmed by SEM and TEM. The 2D BHs has sp2
hybridized boron networks with hydrogen bonded to boron atoms. Many published results
suggested that 2D BHs can be used as anode material for alkaline batteries. Here, 2D BHs
electrodes were fabricated and evaluated as an anode for LIBs, unlike the results predicted by
calculations, the 2D BHs showed very low lithium storage capacity. The developed new
synthetic method for 2D BHs will open a new door to future research on 2D boron materials.

7.2 Perspectives
Although LIBs have been commercialized for decades, the current mainly used anode
materials are still graphite. The research of 2D materials as anodes for LIBs is still in its early
stage, more research work need to do in the future.
1) Although primary understanding has been achieved, the underlying detailed mechanisms
of Li storage, ions/charge transfer, SEI formation, and structure evolution related to 2D
materials are still obscure. A better understanding of these principles will offer invaluable
guidance for the future design of 2D materials.
2) Developing LIBs with higher energy density, faster-charging rate, and longer cycling life
is the future direction. Individual 2D materials can hardly meet all the requirements while
160

fabricating 2D hetero-structure seems a promising way. More work needs to do on building
2D hetero-structured materials.
3) Large scale production of 2D materials with controlled composition, dimension, and
surface functionalization are still impossible to achieve. Thus, from the perspective of the
practical application, developing new methods which can produce 2D materials with high
production and low cost is essential.
One thing must be noted that anode is only one part of LIBs, future progress on LIBs require
systemically optimize each component.
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